This PhD manuscript, entitled "Contributions to the use of Electrotactile Feedback in Hand-based Interactions in Virtual Reality", presents contributions to the research of the use of electrical stimulation for rendering tactile sensations in Virtual Reality (VR). Electrotactile feedback is a promising wearable, cheap, noiseless, lightweight technology capable of rendering rich tactile sensations via electrodes, thus, improving the way a user can interact with VR applications.

Immersive & Interactive VR

What are the limits to what we can do with Virtual Reality? I'm pretty pleased with what we have today but we are still clearly a very, very long ways from reality.

Mostly in VR we talk about the display and optics, the visual side of things, but we should at least tick off the other senses.

Haptics is an interesting thing about Virtual Reality really doesn't have that aspect of touching things. You can move your hands around, you can do everything but it's a disconnected experience because you don't have the actual solidity there.

John Carmack, Consulting CTO of Oculus VR

The previous quote was taken from John Carmack (CTO of Oculus at that time) while explaining (and commenting about) the concept of Virtual Reality to a graduate student. The idea of that presentation, organized by WIRED magazine, is to ask an expert to Google Cardboard. c) A modern HTC VIVE Pro 2
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I also want to thank my family, my father and sister who are in Chile, for supporting me from a distance throughout my PhD journey. explain a concept to five different people with different levels of education/expertise: a child, a pre-teen, a college student, a grad student, and another expert in the field.

It is interesting to notice that even the child had already a notion of what Virtual Reality is, without having to mention technicalities related to hardware/engineering nor psychophysics. In his own words, "It's like a video-game excepts it feels like you're in the video-game". I think most of us share a similar idea of what VR is. We can find a more verbose definition and characterization suggested by [START_REF] Zheng | Virtual reality[END_REF]: "Virtual Reality (VR) is an advanced, human-computer interface that simulates a realistic environment. The participants can move around in the virtual world. They can see it from different angles, reach into it, grab it and reshape it. There is no little screen of symbols for manipulation nor commands to be entered to get the computer to do something", which we could also agree except maybe with the "realistic environment" part, as we know, we could have environments that are not realistic but plausible. We have also seen more recent definitions such as "computer-generated world" [Pan et al. 2018] to which Mel Slater described as "both too simplistic and too all embracing" [Slater 2018]. As we can see, defining concepts is not an easy task even though we all have a similar idea of what the concept is. Personally, I would refer to VR as the use of VR technology (head-mounted-displays, immersive cave systems, among others) to undergo a computer-generated experience. The development of the first head-mounted-display (HMD) created by Ivan Sutherland at Harvard University in 1968 is considered the milestone of the origins of VR. Sutherland's display had a suspending counterbalance mechanical arm and used ultrasonic transducers to track the head movement [START_REF] Basu | A brief chronology of Virtual Reality[END_REF]] (see Figure 1.1-a). During the late 1980s, Jaron Lanier made the term "virtual reality" widespread by designing some of the first businessgrade virtual reality hardware under his firm VPL Research [Faisal 2017]. The HMDs have evolved considerably since then becoming smaller and more affordable. Figure 1.1-c) shows an HTC VIVE Pro 2 released in 2021 at a starting price of $749.

Some people might argue that VR is more than a 3D display reacting to the head orientation and this has been pointed out by Coiffet et al. 2017 when trying to reconcile multiple definitions of VR. To start with, Coiffet et al. 2017 postulated that describing VR in terms of the devices it uses is not appropriate. They encompassed previous definitions and they remarked the interactive and immersive aspects of the technology. In addition to immersion and interaction, they highlighted a third less-known feature that they called imagination that refers to the mind's capacity to perceive nonexistent things. For them, VR is therefore an integrated trio they called the three I's of virtual reality (see Figure 1.2). In any case, we see many terms used loosely and many disagreements between definitions. Maybe that is one of the reason why we see other emerging terms such as Interactive VR and Immersive VR that are explicit regarding what is being emphasized.

So far we have also been using the terms loosely. If we check the current definition of Immersion (virtual reality) in Wikipedia, we can find that the provided definition is as follows: "it is a perception of being physically present in a non-physical world" [Wikipedia 2022b]. For many people of the VR community, the previous definition fits more the definition of presence. Immersion and presence are sometimes used interchangeable but I would say the most accepted definition of immersion is the one provided by Slater as: "an objective property of a system, and higher or lower immersion as the extent to which a VR system can support natural sensorimotor contingencies for perception including the response to a perceptual action" [Slater 2009], i.e. immersion refers to an objective characteristic of a VR system related to the quality and capability to substitute real world sensations by the sensations corresponding to the virtual environment. As an example, a HMD with a larger resolution offers a better immersion than other with smaller resolution when replacing the real visuals surrounding the person by the ones of the virtual environment. Whereas presence is a subjective characteristic related to the illusion of actually being inside the virtual environment despite knowing you are not.

There is no doubt that interaction and immersion have been the pillars of VR and what have made the field to grow and be incorporated into multiple domains. Nowadays, VR has multiple applications in domains such as architecture, education and training, engineering and robotics, healthcare and clinical therapy, entertainment (video games, cinema, etc.) and cultural heritage and archaeology [Onyesolu et al. 2011].

Although we are now capable of rendering magnificent virtual environments, our way of interacting with the virtual environment has not caught up with the progress made in the visualization [Hand 1997]. Virtual reality has not achieved the point where interaction with virtual objects is convincing enough and some people would even argue it is in its infancy.

Interactions in VR are usually grouped into three categories: navigation, selection & manipulation, and system-control [START_REF] Jankowski | A survey of interaction techniques for interactive 3D environments[END_REF]]. We usually rely on metaphors to perform basic tasks [START_REF] Jankowski | A survey of interaction techniques for interactive 3D environments[END_REF]] such as moving ourselves in space, grabbing objects, and in general, any complex interaction that we perform with no effort in reality using our bare hands.

The human hand, composed of 27 bones (about one quarter of our body's bones), 27 joints and 34 muscles, presents a more complex and sophisticated structure than that of comparable organs in any animal. The human hand can be modeled with 23 Degrees of Freedom (DoF) [START_REF] Mansor | Concept and Application of Virtual Reality Haptic Technology: A Review[END_REF]]. The dexterity of our hands allows us to perform a variety of advanced tasks such as object manipulation and exploration as well as operating a wide variety of tools and devices. Large parts of the human brain are dedicated to the processing of the motor and sensory functions of the hand. In Figure 1.3 we can see a distorted representation of the human body, called Sensorimotor Homunculus, where different body parts are proportional to the portion of the brain processing their functions. As we can observe in the Sensorimotor Homunculus, our hands are not only important because of their motor skills but also because of their sensory functions. When we interact with our hands, we do it thanks to this motor-sensor pair. Any interacting system needs to provide these mechanism where we can perform some actions and receive the appropriate feedback. In the field of Human Computer Interaction (HCI), this is known as the closedloop feedback (see Figure 1.4). 

Human

Avatars & Sense of Embodiment

A common way to interact with the virtual environment is via an avatar. An avatar is a visual representation of the user in the virtual world and it is also used as a medium to interact with the virtual environment. Avatars are becoming ubiquitous in VR applications [Dewez et al. 2021] and the use of them can influence both, they way we interact [START_REF] Kilteni | Drumming in immersive virtual reality: the body shapes the way we play[END_REF], and how we experience things [START_REF] Kilteni | The sense of embodiment in virtual reality[END_REF] in VR.

The sense of embodiment is an important characteristic of avatars. [START_REF] Kilteni | The sense of embodiment in virtual reality[END_REF] defines embodiment as the sense that emerges when the properties of a body B (an avatar in this case) are processed as if they were the properties of one's own biological body. The sense of embodiment is not only important in VR, but also it is utterly important in the fields of teleoperation and prosthetics [Nostadt et al. 2020] where in the former, users need to operate a remote machine/robot with ease and in the later, amputees need to use an artificial limb as it were the missing body part.

The sense of embodiment towards an avatar can be increased by providing coherent and synchronized tactile and visual feedback. This has been shown in the well-known rubber hand illusion originally reported by [START_REF] Botvinick | Rubber hands 'feel'touch that eyes see[END_REF] where the real and a rubber hand are stroked at the same time and speed, making the brain mistakenly believe the rubber hand must be part of its body [START_REF] Botvinick | Rubber hands 'feel'touch that eyes see[END_REF]].

Haptic Feedback

As John Carmack said in the interview, we have made a great progress providing visual feedback but we are barely "ticking off" the other senses, especially the sense of touch.

For those unfamiliar with the term haptics, the etymology of the word haptics comes from the Greek words haptós meaning "palpable", and haptikós that means "suitable for touch" [Wikipedia 2022a]. The term haptiks was coined by the German Psychologist Max Dessoir in 1892 and can be interpreted as the field of academic research for the sense of touch as acoustics and optics are for the sense of hearing and vision respectively [Grunwald et al. 2008].

Haptic sensations are usually overlooked even though they have been proven to increase presence and immersion in VR [START_REF] Kim | A study on immersion and presence of a portable hand haptic system for immersive virtual reality[END_REF]]. The absence of haptic feedback in VR experiences hinders how users interact with the system [START_REF] Meli | Combining wearable finger haptics and augmented reality: User evaluation using an external camera and the microsoft hololens[END_REF].

Existing VR systems are capable of rendering realistic visual and auditory feedbacks, and however, they render poor haptic feedback compared to the rich sensory capabilities that we have [Dangxiao et al. 2019].

When incorporated into VR, the most common way it is implemented is via vibration as it has been done in home consoles controllers as "rumble packs", popularized by the Nintendo64 in 1997, and now a standard in modern day gaming systems [START_REF] Morelli | Haptic Relay-Including Haptic Feedback in Online Video Game Streams[END_REF]]. Whenever the system wants to notify the user some event or provide some information, the controller held by the user vibrates following some specific pattern, in the same way our smartphone does when we receive a notification.

One of the earliest applications of haptic technology was in aircraft's controls where pilots felt vibrations as the aircraft approached zones of dangerous flight conditions [START_REF] Loftin | Quest for performance: The evolution of modern aircraft[END_REF]].

The use of vibration motors or any other type of actuation technology is considered an active form of haptic feedback (active interfaces). Alternatively, haptic feedback can also be provided via passive interfaces such as tangible props and complete platforms replicating an environment (see Figure 1.5). Replicating an object/environment can go from replicating just the overall shape and size, to more complex replicas where the weight, texture, moving parts and other tactile cues are also considered [START_REF] Salazar | Altering the stiffness, friction, and shape perception of tangible objects in virtual reality using wearable haptics[END_REF]. 2018 mentioned that graspable devices are mostly grounded and they provide kinesthetic feedback; wearable devices render sensations directly to the skin (vibration, lateral skin stretch, normal skin deformation) but they could also be body-grounded providing kinesthetic feedback (as in the case of exoskeletons); and touchable devices that can be purely cutaneous (tactile displays), kinesthetic, or a mixed of both. Examples of commercial an non-commercial devices for these categories are: the PHAN-ToM Omni, which is a six degrees of freedom (DOF) force feedback device; the hRing, which is a wearable cutaneous device that renders shear force to the skin or pressure based on the spin direction of the motors; and the ShapeShift mobile tabletop shape display that renders spatial-information via kinesthetic feedback using pin-arrays (see Figure 1.7). One important aspect to consider in VR is the size of the workspace. The workspace of a grounded device is limited by the length of the links of the device and the limits of the joints [Gupta et al. 2006]. This can be addressed by haptic interfaces designed for bigger workspaces such as in the case of the SPIDAR (Space Interface Device for Artificial Reality) [Hirata et al. 1992]. The SPIDAR is a light, and low-cost interface that provides force feedback within a transparent workspace by pulling strings fixed to the corners of a cubic frame (see Figure 1.8-a). The interface has been successfully used in human-scale workspaces [START_REF] Chamaret | Human-scale haptic interaction using the spidar[END_REF]].

Another alternative is the used of encounter-type haptic devices (ETHD). ETHD are interfaces that are positioned, either by a robot [START_REF] Mercado | Alfred: the haptic butler on-demand tangibles for object manipulation in virtual reality using an ethd[END_REF] or even by a human [Cheng et al. 2017a], in a way that the end-effector or tangible part of the interface matches the source of stimuli in the virtual environment. An example of this interface is the Haptic-go-round [START_REF] Huang | Haptic-go-round: A surrounding platform for encounter-type haptics in virtual reality experiences[END_REF], which is a carousel-like interface that rotates automatically to present the right prop to the users whenever they are about to make contact with the virtual object in question (see Figure 1.8-b). Props are connected using a cartridge-like interface to easily replace them. the user to be in front of the interface. Under this category we can find the use of air vortex rings that are focalized version of jets of air [Gupta et al. 2013]. Air vortex rings are generated using sound waves emitted by a speaker. Similarly, ultrahaptics making use of ultrasound, is a more precise technology following the same principle but also capable of stimulating multiple points at once [START_REF] Carter | UltraHaptics: multi-point mid-air haptic feedback for touch surfaces[END_REF]. Wearable haptics are not limited to be used only at the finger. Wearable technology can be used in any other body part as well. As an example, in the study of [START_REF] Garcia-Valle | Evaluation of presence in virtual environments: haptic vest and user's haptic skills[END_REF], we can see the use of a haptic vest (see Figure 1.10-a) providing tactile and thermal stimuli. The study in particular evaluated how the use of the haptic vest increases the realism and the sense of presence in VR.

Exoskeletons are popular force feedback devices. Some designs are bigger and actuate the whole body whereas others are more wearable and target specific body parts. In Figure 1.10-b and c, we see two examples of exoskeletons: the first one is a research prototype actuating the whole arm, while the second is a commercial wearable exoskeleton actuating individual fingers.

In addition to exoskeletons, haptic gloves are another family of wearable devices targeting the hand. Haptic gloves usually render tactile information instead of kinesthetic. Different actuation technology will render different tactile feedback. Vibration is again the most common actuation technology but other forms are also possible such as the use of pneumatic actuators (compressed air) to render pressure and the use of electrodes to to provide electrical stimulation. Figure 1.10-d shows a prototype of a wearable glove meant to be used in VR using pneumatic actuators.

As we can see, there is a variety of haptic interfaces and each of them have their advantages and disadvantages. We can appreciate there is always a compromise between features. For instance, wearable devices provide the comfort and mobility needed in interactive VR but they are usually incapable of providing strong kinesthetic feedback. In a similar way, mid-air haptics do not even require the users to wear/hold anything but they suffer from limited workspace.

A similar situation occurs regarding the actuation technologies: static or vibrating pins, vibrating motors, focused ultrasound, surface acoustic waves, linear/rotatory pneumatic actuators, electrical stimulation, among others [Chouvardas et al. 2008]. Some actuators are bigger than others, limiting the number of actuators that can be fitted into a wearable device; others are expensive to produce or consume too much power; others might not provide rich tactile sensations nor be capable of encoding big amount of information; and some other are just noisy.

Electrotactile Feedback

A promising solution is the use of electrotactile feedback, which is the use of electrical stimulation to render tactile sensations. Electrotactile feedback is capable of rendering in real-time rich tactile sensations and with high spatial resolution [START_REF] Lin | Super-resolution wearable electrotactile rendering system[END_REF]]. As electrotactile feedback does not rely on mechanical parts, the technology is also lightweight, cheap and noiseless [Pamungkas 2016].

Electrotactile feedback works by direct stimulation of the sensory nerves under the skin using an electrical current supplied from an electrode placed on the surface of the skin [START_REF] Khurelbaatar | Tactile presentation to the back of a smartphone with simultaneous screen operation[END_REF]]. The electric current from the surface electrodes generates an electric field inside the skin, inducing nerve activity, via nerve depolarization [Chouvardas et al. 2008].

The interaction of electricity and the human body has been known since the days of Galvani and Volta and a variety of prostheses using implanted electrodes stimulating the nervous system has been proposed since the 70s [START_REF] Brummer | Electrical stimulation of the nervous system: the principle of safe charge injection with noble metal electrodes[END_REF].

Electrical stimulation has also been used to render force feedback [START_REF] Lopes | Adding force feedback to mixed reality experiences and games using electrical muscle stimulation[END_REF]] by eliciting muscle contraction using electrical impulses. That way of stimulation is usually referred as electrical muscle stimulation (EMS).

One of the earliest applications of the use of electrical stimulation to produce tactile sensations was done in the field of sensory substitution, more specifically, tactile vision substitution (TVS) for the blind. The first scientific articles were published by Bach-y-Rita, Collins, Saunders, White and Scadden when working at Smith-Kettlewell Institute of Visual Sciences [Collins et al. 1969]. In 1970, Collins presented a tactile television system where a 20 x 20 matrix electrode placed on the back of a blind person renders the position, size, shape and orientation of objects captured by a camera (see Figure 1.11) [Collins 1970]. Although mostly applied to the fingertip, electrotactile feedback has also been successfully applied to the tongue, the back and the forearm. The tongue and the fingertip are the most sensitive body parts to electrical stimulation in terms of voltage and electrical current that is needed while also presenting a high resolution spatial discrimination [START_REF] Tyler | Spatial mapping of electrotactile sensation threshold and intensity range on the human tongue: Initial results[END_REF]].

As electrotactile feedback is a lightweight and wearable technology that is capable of rendering rich tactile information, its more prominent application is in the domain of prosthetics, in the category of prostheses control [START_REF] Kourtesis | Electrotactile feedback applications for hand and arm interactions: A systematic review, meta-analysis, and future directions[END_REF][START_REF] Zhou | Electrotactile Perception Properties and Its Applications: A Review[END_REF].

Nonetheless all its advantages, electrotactile feedback has drawbacks. One of them is that it can elicit unpleasant sensations if its intensity is not calibrated properly [Kaczmarek et al. 1991b]. In order to ensure the intensity of the feedback is proportional to the user's perceptual needs (perceivable and not unpleasant), it is common to calibrate the intensity in advance but this process is time consuming and needs readjustments over time.

Moreover, although the physiological structure of the skin has been well understood and the technology is capable of rendering rich tactile sensations usually perceived as tingle, vibration, pressure [START_REF] Zhou | Electrotactile Perception Properties and Its Applications: A Review[END_REF] or what Kajimoto et al. 2004a and[START_REF] Aiello | Multidimensional electrocutaneous stimulation[END_REF] called "tactile colors", the perceptual aspect of the feedback needs more research as the mechanism of sensation under an electric field is not clear [START_REF] Zhou | Electrotactile Perception Properties and Its Applications: A Review[END_REF]]. As Kaczmarek et al. 2017 mentioned, "there is not yet an adequate nomenclature for describing the types of sensations elicited by electrotactile stimulation".

Regarding the literature, we have also observed a lack of user studies with adequate sample size and report of effect sizes, specially in VR, suggesting that further research is required to elucidate if immersive VR actually benefits from the use of electrotactile feedback.

Finally, the authoring of the feedback is not trivial due to the number of parameters that can be customized and the familiarity the user needs to have with the technology. This is on top of ensuring the sensation is not going to be unpleasant while still coherent with interactions being performed.

Research Question and Contributions

Based on these open issues and technical challenges we asked ourselves the following research question: how can we leverage electrotactile feedback to enhance hand interactions in VR?. Interactions in VR can be improved by proposing new interaction techniques or by improving the rendering of feedback. In this work we mainly focused on the second, using electrotactile stimulation as a mechanism to render tactile feedback.

In order to tackle the technology issues, we decided to first study the simplest use case consisting of the use of electrotactile stimulation for rendering contact information, more precisely, the interpenetration of the finger into the virtual object when touched. Therefore, our first contribution C1 is the evaluation of how effective electrotactile feedback is in helping users touching virtual objects accurately and precisely, as those are important initial steps before studying more complex interactions.

During this first experiment, we appreciated how important is the calibration of the intensity and how this would become an issue when trying to use multiple stimulation points (pads) for richer feedback. Calibration of multiple pads is time consuming as each pad needs to be calibrated independently to ensure painless feedback. In addition to a faster calibration, we also wanted the process to be completely performed by the user without intervention of the experimenter to give the user more control over the adjustments of the intensity of the stimulation. Moreover, we wanted this process to be carried out within VR using a direct finger interaction while guaranteeing precision and safety. This leads us to our second contribution C2, where we present a 3D interaction technique in VR for a precise, safe and fast calibration.

In out third contribution C3, we tackle the complexity of the authoring of the feedback. For this, we developed a framework for authoring tactile responses using electrotactile feedback as an instance of the tactile responses that can be designed using the framework. This framework had two main purposes, the first one was to provided an abstraction layer to the technical details of electrotactile feedback and the second was to work as a device agnostic library. The developed framework alleviated the authoring process of more complex feedback used in future studies.

In our last contribution C4, we addressed the issue of how electrotactile feedback is perceived during interactions in VR. We surveyed different electrotactile feedback's rendering techniques and modulations and we evaluated how coherently they are perceived by users when they were asked to tap and press virtual objects and to slide their fingers on them.

Structure of the Document

This manuscript is organized in 6 chapters. Following this introduction, in Chapter 2 we formally go over the background and related work, then we continue with Chapter 3 where we present a user study where we test the viability of electrotactile feedback for precise and accurate contact in VR by using visual feedback as a baseline. Then in Chapter 4, based on observations taken from the first experiment, we present a VR interaction to accelerate the recurrent calibrations that are needed when using this technology. In Chapter 5 we present a closed loop feedback architecture for authoring tactile feedback with emphasize on electrotactile stimulation. Then in Chapter 6 we present a user study where we evaluated different modulation/techniques to render electrotactile feedback for common single finger interactions in VR. We finally conclude this manuscript by summarizing our findings, the issues that are still open and we provide future directions and perspectives that can contribute further the development of the technology. This thesis was supported by the European Union's Horizon 2020 research and innovation program under grant agreement No. 856718 (TACTILITY)1 , whose aim is to incorporate rich and meaningful tactile information into novel interaction systems with virtual environments, increasing the quality of immersive virtual reality and of tele-manipulation.

In this chapter we provide the necessary background to put our work into context followed by an introduction of electrotactile feedback, explaining how it works and how it is perceived. Then we provide an state of the art of how the technology has been used in different domains and how custom sensations have been achieved by modifying parameters of the stimulation.

General Background

The Human Senses

When we were taught about the human senses we were usually introduced to five of them: sight (vision), hearing (audition), taste (gustation), smell (olfaction) and touch (tactition). In reality, our sensory system is more complex than that and the sense of touch is just a subset of a broader sense called somatosensation.

Somatosensation is a broad sense that groups other sub-modalities along with what we might call the sense of touch. In a general way, we can say that somatosensation is the perception of sensory stimuli produced by the skin or internal organs. Figure 2.1 shows some of the modalities and sub-modalities of the human sensory system. Within the sub-modalities that are included in somatosensation we find: the interoception, which is a lesser known sense that helps us understand the internal state of our body (speed of our heartbeat, the need of having to go to the toilet, etc.); the equilibrioception which is the sense related to our balance; the chemoreception, which is the sense that let us detect specific chemical stimuli; the nociception, which is the sense of noxious stimuli (intense chemical, mechanical, or thermal stimulation); the thermoception, which is the sense of temperature; the mechanoreception, which is the sense of mechanical stimuli (pressure, vibration, flutter, etc.); and the proprioception which is the sense of the position of our body in space. This last one comprises another set of senses: The sense of the state of the joints, the sense of kinesthesia (how our body is moving), the sense of forces, and the sense of changes in velocity [START_REF] Ager | Proprioception: How is it affected by shoulder pain? A systematic review[END_REF]].

Sensation vs Perception

Sometimes sensing and perceiving are used interchangeably but from a psychophysical point of view, the former refers to the capability of taking a measurement and the latter refers to how our brain interpret such measurement. The conversion from sensory stimulus energy to an action potential that is propagated to the brain is known as transduction. As an example, our eyes are capable of sensing a wide range of electromagnetic radiation (visible light) thanks to our cones and rods (sensing) but it is the visual cortex of the brain the one in charge of making sense out of it and interpret a given frequency with a specific color (color perception). Same can be said about the way we perceive touch, where the sensing it is done by mechanoreceptors in the skin but how we interpret/perceive such stimulus is finally determined by the brain. Figure 2.2 shows these two examples of sensory transduction.

In the next section we go deeper into mechanoreceptors as they are the main neural structures in charge of sensing tactile information.

Mechanoreceptors

Mechanoreceptors are the base of tactile perception. These sensory neurons are part of the somatosensory system that transduce mechanical pressure or distortion into an action potential (somatosensory transduction).

There are four main types of mechanoreceptors in the glabrous (hairless) skin: Meissner corpuscles, Pacinian corpuscles, Merkel cells and Ruffini Endings. They are located at different depths of the skin, they react to different stimuli and they have different adaptation speed, receptive field size and density across the skin [Pamungkas 2016] (see Figure 2.3). Mechanoreceptors are classified as type I or II based on how deep they are into the skin; and as Rapid Adapting (RA) or Slow Adapting (SA) based on their response to persistent stimulus. Rapid adapting mechanoreceptors (also called phasic) will fire an action potential only during the onset and offset of the stimulus (see bottom of the Figure 2.3); whereas slow adapting mechanoreceptors (also called tonic) will constantly fire an action potential along the duration of the stimulus. Slow adapting mechanoreceptors can provide information regarding the duration of the sitmulus while fast adapting ones focus on changes of intensities and rates.

The receptive field size of a mechanoreceptor (expressed as a radius) indicates the surface where a stimulus can evoke a sensory neural response while the spatial resolution indicates the minimum distance between two stimuli points to be detected as individual ones. Type I mechanoreceptors (shallow) have smaller receptive fields. Mechanoreceptors with a small receptive field (around 10 square mm) are densely packed in the fingers (up to 500 of them per cm 3 ) allowing the finger to detect stimuli location with a high precision. The concentration of them changes as we age or due to skin issues such as burnt skin.

Merkel cells:

Merkel cells are located in the basal epidermis (area between the epidermis and the dermis). They are densely clustered in the fingerprints and not so in the palm and forearm. They respond to pressure, light touch and low-frequency vibrations. A single nerve fiber (or axon) innervate up to 90 of them. Their peak sensitivity to vibration is below 40 Hz. Merkel cells are the most sensitive among the four mechanoreceptors to vibrations between 5 and 15 Hz. They are also pretty sensitive to skin displacement, responding to displacement of less than 1 µm. Since they are not encapsulated, they are slow adapting (but faster than Ruffini endings) and produce a sustained response. There is no well defined inter-spike interval when receptor is firing due to static stimulus. They fire fast when just a small point indent the skin but fire slowly when touching a flat surface or smooth curve. They have small receptive fields and they can detect with a high resolution two different contact points.

Meissner corpuscles:

Meissner corpuscles are also known as tactile corpuscles (not to be confused with tactile discs). Meissner corpuscles are highly concentrated at the finger pad. They respond to light touch and to low frequency vibrations (between 10 and 200 Hz). Unlike Merkel cells which also respond to low frequency vibrations (but at an even lower frequency), Meissner corpuscles are rapidly adapting. This adaptation speed is the one that allows the person to wear clothes without having sensors constantly firing due to the contact with the skin. They do not respond to noxious stimuli (pain) so stimulating this mechanoreceptor alone should not produce any pain. They have a small receptive field and low two-point discrimination threshold, meaning stimuli can be well localized easily. There is a drop in the number of Meissner corpuscles as we age which is associated to the loss of touch sensitivity.

Ruffini endings:

Ruffini endings, also known as bulbous corpuscles, are located in the dermis (deeper than Merkel cells) and are highly concentrated near the fingernails. They respond to skin stretch and continuous pressure that results from it and can also register mechanical deformation within joints. They are usually selective to the direction of stretching that they react. They can report slippage of objects (which it is used during the modulation of the intensity of a grip). They are slow adaptive and the firing of its action potential have a more regular rate than the other slow adaptive mechanoreceptor, the Merkel cells. Ruffini endings have a large but diffuse receptive field, meaning they have a high two-point discrimination threshold.

Pacinian corpuscles: Pacinian corpuscles, also known as lamellar corpuscles, are located deep in the skin. They are larger and fewer than other mechanoreceptors. They respond to high frequency vibrations (between 70-1000 Hz, with optimal sensitivity at 250 Hz) and pressure. They are rapidly adapting. Since they respond to high frequencies, they are used for detecting surface texture (roughness vs smoothness). Textures with features smaller than 1 µm produce vibrations in that range of frequencies. Group of these corpuscles respond to pressure changes when grasping and releasing objects. Since is a rapidly adapting sensor, it only fires when skin is abruptly indent but not to continuous pressure. Because there are fewer Pacinian corpuscles than other receptors, their receptive field size is larger than others. The frequency of the impulses encode how big or fast is the deformation of the skin.

In addition to these four main mechanoreptors, we can also find free nerve endings which are non-complex, unencapsulated sensory structures. They are unspecialized cells that can respond to temperature, mechanical stimuli and pain in general. The following Table 2.1 summarizes the description these four mechanoreceptors. 

Haptic Feedback in VR

Haptic feedback is broadly divided into kinesthetic and tactile feedback. Kinesthetic feedback is related to the perception of forces, position and movement of the body whereas tactile feedback is related to the sensation of vibration, temperature, friction, microdeformations, and other tactile cues. Figure 2.4 shows how these relate to the sensory modalities presented earlier. Haptic feedback is delivered via haptic devices (also called interfaces). Some of them has already been presented in Chapter 1. There are just too many devices to be surveyed in a single article. For a general review of the technology that has been developed, we refer the readers to Culbertson et al. 2018. Similarly, in Bermejo et al. 2021, we can find a more specific survey covering devices used in mobile augmented reality (MAR), with most of them, also having applications in VR.

We have seen in Chapter 1 three main categories of devices with applications in VR: touchable, graspable and wearable interfaces. We also mentioned the use of mid-air haptics which does not fit into these three categories. In this manuscript, we will pay special attention to the use of wearable devices with emphasis in those that have direct application in VR.

Wearable haptics are particularly interesting to be used in VR as they do not constrain the workspace nor the mobility as grounded devices or mid-air haptics do. Smaller and more lightweight devices also facilitates immersion in VR as users are less aware of the equipment being used when experiencing a virtual environment.

A survey of wearable haptics for the fingertip and the hand that has been developed as research prototypes has been presented by Pacchierotti et al. 2017. The devices are classified based on the tactile stimuli they provide: kinesthetic, pressure, contact, vibration, curvature, and softness; part of the body affected: fingertip or whole hand; technology used: DC motor, servo motors, voice coils, vibrating motors, pneumatic actuators, among others. The devices weight and dimensions are also reported. They survey included 23 devices for the fingertip and 23 devices for the whole hand.

VR Haptics Gloves

VR haptics gloves, also called data gloves [Novacek et al. 2022] or smart-gloves [START_REF] Caeiro-Rodriguez | A systematic review of commercial smart gloves: Current status and applications[END_REF], are wearable devices targeting the hand that provide built-in integration of sensors and actuators or at least provide an easy mechanism to integrate them. As the complexity of haptic feedback cannot be addressed by a single actuation principle, haptic gloves try to provide a variety of actuation technology in order to address both, tactile and kinesthetic feedback.

Compared to other means to deliver haptic feedback, VR gloves are the most promising technology to improve immersive sensation, embodiment and presence in VR [START_REF] Caeiro-Rodriguez | A systematic review of commercial smart gloves: Current status and applications[END_REF].

VR haptics gloves have to address several additional challenges apart from being produced in a lightweight and compact form. VR gloves have to be adjustable to deal with hand size and shape variability and they have to fit multiple sensors/actuators in a limited space without impeding the sensory and motor functions of the hand/fingers. Different actuation technology has been used during the development of haptic gloves. Within the most common are pneumatic gloves (use of pressured air or sometimes hydraulic fluids as alternative), force feedback (exoskeleton devices that apply resistive forces to the fingers), vibrotactile gloves that produce vibrations at fingertips, at the wrist, or the whole hand and electrotactile gloves that use electrodes in order to stimulate nerves directly via electrical currents.

As stated in [START_REF] Perret | Touching virtual reality: a review of haptic gloves[END_REF], there is an increased interest in developing haptic gloves and there are new product announcements almost every month by start-ups competing for becoming the standard solution for providing haptic feedback in VR, nevertheless, these devices have not become mainstream yet [START_REF] Caeiro-Rodriguez | A systematic review of commercial smart gloves: Current status and applications[END_REF].

We can find in the literature at least two recent research articles that compile and compare commercial VR gloves [START_REF] Caeiro-Rodriguez | A systematic review of commercial smart gloves: Current status and applications[END_REF][START_REF] Perret | Touching virtual reality: a review of haptic gloves[END_REF]]. These two articles constraint themselves to commercial gloves given the plethora of prototypes (especially exoskeletons) being explored in research which are surveyed in Pacchierotti et al. 2017[START_REF] Perret | Touching virtual reality: a review of haptic gloves[END_REF] classified VR gloves into three categories: traditional gloves, thimbles, and exoeskeletons (see Figure 2.5). By traditional gloves, the authors meant a garment made of some sort of flexible fabric that fits the shape of the hand. A list of 13 commercial VR gloves are compared by type, number of fingers, wireless connectivity, actuation technology, whether they render force feedback or not, whether they render tactile feedback or not, whether they have built-in tracking or not, the degrees of freedom, weight and published price. Three years later, Caeiro-Rodriguez et al. 2021 made a more comprehensive study following PRISMA guidelines for systematic reviews. The target period was between 2015 and 2021 and included 24 commercial gloves. Gloves were compared by focusing on three main capabilities: (i) hand and finger pose estimation and motion tracking, (ii) kinesthetic feedback, and (iii) tactile feedback. In this survey, the authors mention that the first datagloves focused mainly in hand-tracking features without including any type of haptics. This survey also provides a summary of past and related surveys, such as in the case of [START_REF] Rashid | Wearable technologies for hand joints monitoring for rehabilitation: A survey[END_REF] where authors classified gloves by tracking/pose estimation technology: flex sensors, accelerometers, Hall-effects sensors, stretch sensors, magnetic sensors, and vision based tracking.

The use of electrical stimulation as actuation technology presents some desirable features for VR gloves as the end-effector, the electrode, can be easily fitted and it does not add any considerable weight to the final device. Other desirable features is that is noiseless compare to vibrational (and mechanical in general) alternatives. In the next section we will see the details of the technology in more detail and how this has been used recently in research.

Electrotactile Feedback

In the following sections we present and overview of electrotactile feedback: how it works and its advantages and disadvantages. Then, we present the different factors that modulate the perception of the stimuli. After that, we present the most common rendering techniques that has been used in order to elicit specific sensations. Finally, we provide a survey of the literature where electrotactile feedback has been applied either at the fingers, hand or arms in order to improve hand interactions.

Overview

Electrotactile feedback (also called transcutaneous electrical stimulation) is the technique that activates sensory nerves located under the skin by surface electrical currents. The electrical current is provided by a system comprised of electrodes and stimulators (actuators). The electrical current travels through the subdermal area between the anode(s) and cathode(s) depolarizing underlying afferent nerves (see Figure 2.6), which triggers an action potential that travels towards the central nervous system, making the brain interpret the signal as tactile stimuli [He et al. 2016;Kajimoto et al. 2004b].

The way electrotactile systems function is therefore completely different from mechanical and thermal tactile interfaces, as electrotactile feedback is not directly associated to any particular skin receptor. The selective stimulation of the mechanoreceptors, either individually or combined, can potentially elicit diverse tactile sensations [He et al. 2016;Kajimoto et al. 2004b;Yem et al. 2017]. An overview of the work conducted on the selective electrical stimulation of mechanoreceptors can be found in the survey of Kajimoto et al. 2004b, and a quantitative approach of stimulating diverse mechanoreceptors can be explored in the psychophysical experiments of He et al. 2016. The high cost and low portability/wearability of haptic devices remain unresolved issues, severely limiting the adoption of this otherwise promising technology. When compared to mechanical haptic interfaces, electrotactile interfaces have the advantage of being more portable and wearable due to their actuators' size, as well as benefiting from lower power consumption and manufacturing cost [START_REF] Bolanowski | Four channels mediate the mechanical aspects of touch[END_REF]Chouvardas et al. 2008]. Its advantageous wearability/portability and lower cost could be further improved by using micromachining means for the fabrication of high-density stimulation points actuators [Chouvardas et al. 2008]. Moreover, as there are no mechanical actuators, the technology is highly responsive, making it also ideal for real-time feedback rendering [START_REF] Khurelbaatar | Tactile presentation to the back of a smartphone with simultaneous screen operation[END_REF]]. On addition to all of that, when it comes to immersion in VR, the technology offers also the advantage of being completely noiseless [Yang et al. 2019].

Electrotactile feedback has been successfully implemented in human-computer [Chouvardas et al. 2008;[START_REF] Jung | Skin-Integrated Vibrohaptic Interfaces for Virtual and Augmented Reality[END_REF]] and human-machine interactions [START_REF] Bach-Y-Rita | Sensory substitution and the humanmachine interface[END_REF]Stephens-Fripp et al. 2018] for various hand-based applications such as prosthetics [Stephens-Fripp et al. 2018], virtual reality [START_REF] Jung | Skin-Integrated Vibrohaptic Interfaces for Virtual and Augmented Reality[END_REF], robotic teleoperation [Pamungkas et al. 2015;[START_REF] Sagardia | VR-OOS: The DLR's virtual reality simulator for telerobotic on-orbit servicing with haptic feedback[END_REF], transparent haptic displays [Kajimoto 2012;[START_REF] Wang | E-Pad: a comfortable electrocutaneous-based tactile feedback display[END_REF], and augmented haptics [Groeger et al. 2019;[START_REF] Withana | Tacttoo: A thin and feelthrough tattoo for on-skin tactile output[END_REF]. Thanks to the reduced form factor and price, electrotactile feedback is particularly promising for everyday applications, such as gaming and entertainment, as well as Augmented Reality (AR), where users need to interact with real and virtual objects at the same time [START_REF] Maisto | Evaluation of wearable haptic systems for the fingers in augmented reality applications[END_REF]Pacchierotti et al. 2017]. In these areas, the electrotactile feedback is particularly advantageous because it can be delivered by thin, flexible, and transparent electrodes or displays [Groeger et al. 2019;Kajimoto 2012;[START_REF] Wang | E-Pad: a comfortable electrocutaneous-based tactile feedback display[END_REF][START_REF] Withana | Tacttoo: A thin and feelthrough tattoo for on-skin tactile output[END_REF].

The sensations that the electrotactile feedback elicits are modulated by several factors such as the characteristics of the electrodes, the skin features, the polarity of the stimulation, and the parameters of the electrical signal (i.e., waveform, amplitude, frequency, and pulse width) [START_REF] Khurelbaatar | Tactile presentation to the back of a smartphone with simultaneous screen operation[END_REF][START_REF] Ward | Multi-channel electro-tactile feedback system for a prosthetic hand[END_REF]. We present below an overview of these technical features of electrotactile feedback (for a comprehensive review on the electrotactile feedback's principles and hardware see Kajimoto 2016).

Technical Features of Electrotactile Feedback

Electrotactile feedback is affected by diverse characteristics of the electrodes (i.e., location, material, and shape), the current (i.e., duration, frequency, and amplitude), and anatomy (i.e., skin's thickness and location) [START_REF] Boldt | Two-point tactile discrimination ability is influenced by temporal features of stimulation[END_REF]Hartmann et al. 2014a;[START_REF] Paredes | The impact of the stimulation frequency on closed-loop control with electrotactile feedback[END_REF][START_REF] Isaković | Electrotactile feedback improves performance and facilitates learning in the routine grasping task[END_REF]]. However, issues (e.g., skin irritation, burns, electric shock, and discomfort) have been raised, which indicate that the aforementioned aspects should be carefully selected and adjusted [Kaczmarek et al. 1991b]. Nevertheless, nowadays electrodes' materials are designed to mitigate or avoid the aforementioned issues [START_REF] Jung | Skin-Integrated Vibrohaptic Interfaces for Virtual and Augmented Reality[END_REF], and a calibration of the current features is required to offer an electrotactile feedback proportionally to the user's perceptual needs (e.g., sensation and discomfort thresholds) and anatomical requirements (e.g., skin's thickness and location) [Stephens-Fripp et al. 2018].

Electrode-Skin Interface

The material of the electrodes should be taken into account. The electrodes, through an electrochemical process, may produce undesired electrochemical compounds [START_REF] Brummer | Electrical stimulation of the nervous system: the principle of safe charge injection with noble metal electrodes[END_REF]]. However, electrodes made by noble metals or conductive polymers appear to alleviate or avoid undesired electrochemical reactions [START_REF] Brummer | Electrical stimulation of the nervous system: the principle of safe charge injection with noble metal electrodes[END_REF]]. Furthermore, the size of the electrodes should also be considered, since small electrodes elicit higher density currents, which cause discomfort to the user [Kaczmarek et al. 1991a]. In contrast, 10mm 2 or larger electrodes appear to be more appropriate [Kaczmarek et al. 1991a;[START_REF] Ward | Multi-channel electro-tactile feedback system for a prosthetic hand[END_REF]]. Another aspect is the quantity and density of the electrodes. Solomonow et al. 1977Solomonow et al. , 1978 studies investigated the distance between electrodes, known as Two-Point Discrimination Threshold (TPDT), where they suggested a TPDT of 7.25mm for the fingertip, 7.73mm for the palm, 8.93mm for the forearm, and 9.48mm for the upper arm. However, more recently, studies have efficiently used a TPDT of 2mm for the fingertips [START_REF] Seps | A new type of a large-area multi-touch tactile device operated by electrotactile stimulation[END_REF]]. The distance between the electrodes is also an important feature as this distance determines how deep the electrical current can reach. [START_REF] Wang | Perceptual attributes of cutaneous electrical stimulation to provide sensory information for prosthetic limb[END_REF] indicated that when the distance electrodes is larger, the current required to produce the same sensation is smaller. Deeper nerves are therefore harder to reach and might need a longer distance between electrodes [START_REF] Khurelbaatar | Tactile presentation to the back of a smartphone with simultaneous screen operation[END_REF]] or an increase of the intensity. When we refer to the layout of an electrode, we refer to all these aspects, i.e. the number of individual elements, the size and distance between them and how they are distributed.

In addition to research done regarding the layout of electrodes, we find also in the literature studies investigating different materials so electrodes can be thinner [START_REF] Withana | Tacttoo: A thin and feelthrough tattoo for on-skin tactile output[END_REF]] and studies investigating the way electrodes interface with the skin in order to reduce the voltage/current that is needed for stimulation [Tezuka et al. 2017] or the use of conductive gel to improve the contact [START_REF] Zhu | Effects of stratum corneum and conductive gel properties on sensory afferents recruitment by 3D TENS computational modeling[END_REF]].

Regarding the skin, the thickness of the respective skin area plays an important role in the impedance and sensitivity. Thicker skin has higher impedance and lower sensitivity to the electrical stimulation [Stephens-Fripp et al. 2018]. Hairless skin (i.e., glabrous skin) occupies approximately 5% of the human body, and it is thicker than the hairy skin [START_REF] Ward | Multi-channel electro-tactile feedback system for a prosthetic hand[END_REF]]. Hence, the glabrous skin has higher impedance and lower sensitivity to the electrical stimulation. Furthermore, physiological changes like perspiration (i.e., sweat) may fluctuate skin's conductance that result in an absence of sensation or a discomfort feeling respectively to the fluctuations [START_REF] Bach | Analytic measures for quantification of arousal from spontaneous skin conductance fluctuations[END_REF]. Finally, motion and action may cause deformations (e.g., skin stretching or folding) of the skin that also alter the perceived sensation (e.g., tingling, vibratory, or piercing) and intensity (i.e., absence of sensation or presence of discomfort) of electrotactile feedback [Kajimoto 2011a].

Polarity

The studies of [START_REF] Kaczmarek | Electrotactile haptic display on the fingertips: Preliminary results[END_REF][START_REF] Kaczmarek | The afferent neural response to electrotactile stimuli: preliminary results[END_REF] revealed that the positive and negative polarity of electrical current stimulate the human mechanoreceptors in a substantially different way. The polarity of the current is respective to the type of stimulation (i.e., anodic or cathodic). The anodic stimulation stimulates the receptors via a perpendicular depolarization, while the cathodic stimulation stimulates them through a horizontal (parallel to the skin's surface) depolarization [Yem et al. 2017]. In general, significant differences were identified in the sensation and tolerance of electric current across the human body, where the hand (the glabrous skin area and the fingertips) was found to be more sensitive than other parts like the abdomen or the arm. The negatively charged monophasic current was found to have lower sensation thresholds (i.e., the threshold for perceiving the electrotactile sensation) than the positively charged ones, while these results were not replicated in the fingertips, where negative polarity was found to produce weak and diffuse sensation [START_REF] Kaczmarek | Electrotactile haptic display on the fingertips: Preliminary results[END_REF]]. Furthermore, the positive polarity appears more comfortable than the negative one [START_REF] Kaczmarek | Electrotactile haptic display on the fingertips: Preliminary results[END_REF][START_REF] Kaczmarek | The afferent neural response to electrotactile stimuli: preliminary results[END_REF]. Stimulation with different polarity has been used in Kajimoto et al. 2001 to target different mechanoreceptors based on their depth and their vertical/horizontal orientation along the finger.

However, the aforementioned outcomes were pertinent to monophasic stimulation, anodic or cathodic, that only has either a positive or a negative charge respectively. In contrast, the biphasic stimulation that alternates between positive and negative charge appears to be more effective in eliciting diverse tactile sensations [START_REF] Kaczmarek | Maximal dynamic range electrotactile stimulation waveforms[END_REF][START_REF] Ward | Multi-channel electro-tactile feedback system for a prosthetic hand[END_REF]. Also, biphasic stimulation prevents half-cell reaction, which increases the efficiency of the stimulator, and skin irritation, which augments the comfortability of electrotactile feedback [START_REF] Ward | Multi-channel electro-tactile feedback system for a prosthetic hand[END_REF]]. The common approach of biphasic stimulation is to provide, in a short time, a negative current subsequently to a positive one, and vice versa, which alleviates the polarization caused by the first stimulation. Given that the depolarization facilitates a seamless stimulation [START_REF] Kaczmarek | Electrotactile haptic display on the fingertips: Preliminary results[END_REF][START_REF] Kaczmarek | The afferent neural response to electrotactile stimuli: preliminary results[END_REF], the advantages of the biphasic approach are of utter importance. Nevertheless, in the last decade, researchers have efficiently used both monophasic (e.g., [START_REF] Kaczmarek | Interaction of perceived frequency and intensity in fingertip electrotactile stimulation: Dissimilarity ratings and multidimensional scaling[END_REF][START_REF] Nakamura | Why and how to use virtual reality to study human social interaction: The challenges of exploring a new research landscape[END_REF]Rahimi et al. 2019a andbiphasic (e.g.,Chen et al. 2019;[START_REF] Seminara | Dual-parameter modulation improves stimulus localization in multichannel electrotactile stimulation[END_REF][START_REF] Seps | A new type of a large-area multi-touch tactile device operated by electrotactile stimulation[END_REF]) stimulations.

Electrical Signal

Electrotactile feedback is delivered through an electrical current signal. The two main used waveforms are sinusoidal signals and square signals made out of square pulses. Due to their ease of implementation and interpretation, the squared pulses are strongly preferred in the applications of electrotactile feedback [START_REF] Ward | Multi-channel electro-tactile feedback system for a prosthetic hand[END_REF]. Importantly, the squared pulses were found to facilitate a faster depolarization of the nerves axon, which enhances the effectiveness of the stimulation [START_REF] Pasluosta | Paradigms for restoration of somatosensory feedback via stimulation of the peripheral nervous system[END_REF]. Moreover, the sensation and intensity of electrotactile feedback are modulated by the pulses' amplitude, frequency, and width (a.k.a. pulse width). By modulating one of these parameters or a combination of them, different sensations may be rendered [START_REF] Aiello | Multidimensional electrocutaneous stimulation[END_REF][START_REF] Akhtar | Controlling sensation intensity for electrotactile stimulation in human-machine interfaces[END_REF]Djozic et al. 2015;[START_REF] Kaczmarek | The afferent neural response to electrotactile stimuli: preliminary results[END_REF]]. However, in terms of sensation, the relationship between the parameters is non-linear, which is better described with the Weber-Fechner law [Djozic et al. 2015]. In general, the pulse width and amplitude may modulate the perceived intensity, while the frequency may modulate the perceived sensation (e.g., vibratory or tingling) [START_REF] Aiello | Multidimensional electrocutaneous stimulation[END_REF][START_REF] Akhtar | Controlling sensation intensity for electrotactile stimulation in human-machine interfaces[END_REF]Djozic et al. 2015;[START_REF] Kaczmarek | The afferent neural response to electrotactile stimuli: preliminary results[END_REF]]. Due to the sensitivity to electrotactile feedback, the amplitude of the pulse (the intensity) is not usually used to modulate information and it is usually fixed within a small range of values [Yang et al. 2019]. If the current intensity is increased, undesired feedback can be produced such as itching, numbness, pain and general discomfort [Yang et al. 2019].

The pulses can be delivered distinctly or grouped as bursts. It should be noted that continuous (single) pulses, especially of low intensity and high frequency, may induce an undesired tolerance to electrotactile stimulation [START_REF] Lindblom | Integration of impulse activity in a peripheral sensory unit[END_REF]]. However, bursts of pulses delivered at lower frequencies (i.e., <15Hz) can prevent this tolerance to electrotactile stimulation [START_REF] Kaczmarek | The afferent neural response to electrotactile stimuli: preliminary results[END_REF]]. Nevertheless, a factor that should be considered is the number of pulses per burst, as well as the delay between bursts. [START_REF] Kaczmarek | Maximal dynamic range electrotactile stimulation waveforms[END_REF] showed that more than 6 pulses per burst may not produce any improvements in performance. The results of this study showed that bursts embedding 6 pulses with a frequency of 200Hz and a delay per burst of 37ms may improve the performance of electrotactile feedback.

Calibration

Inappropriate implementation of electrotactile feedback may cause absence of sensation, skin irritation, burns, electric shock, and discomfort [Kaczmarek et al. 1991b]. A personalized calibration may prevent these undesirable effects by adjusting the intensity and duration of the electrotactile feedback to the personal sensational and discomfort thresholds of the user [Stephens-Fripp et al. 2018]. During the calibration process, the sensation threshold (i.e., the point that the user starts to perceiving/feeling the electrotactile feedback) and the discomfort threshold (i.e., the point that the user starts to perceiving/feeling discomfort) should be defined. These thresholds can be identified by using a step-wise incremental administration of electrotactile feedback. The properties that can be incrementally modulated during the calibration process are the amplitude, frequency, and/or pulse width, respectively to the experimental aims. However, a calibration process should be performed for each stimulation location since the skin's impedance may differ.

Also, the calibration process should be recurrent, since the tolerance of the user or the perspiration/moisture levels on the skin may change. A series of models have been created in attempt to optimize and/or automate the calibration process (e.g., [START_REF] Akhtar | The relationship between energy, phase charge, impedance, and perceived sensation in electrotactile stimulation[END_REF][START_REF] Akhtar | Controlling sensation intensity for electrotactile stimulation in human-machine interfaces[END_REF]Fadali et al. 2009;Gregory et al. 2009;Kajimoto 2011a).

Subdermal Stimulation

As discussed above, skin's conductivity is important for the perceptual effectiveness and pleasantness of the electrotactile feedback. However, the skin's conductivity may fluctuate over time due to physiological changes such as perspiration, which may affect the electrodermal activity [START_REF] Bach | Analytic measures for quantification of arousal from spontaneous skin conductance fluctuations[END_REF]. In response to this drawback, the subdermal stimulation has been counter-proposed for providing the user with stable electrotactile feedback, which may also be more energy-cost-effective [START_REF] Kitamura | Micro-needle electrode array for electro tactile display[END_REF]]. Subdermal stimulation is similar to the traditional epidermal stimulation, with the only difference that the electrodes in subdermal stimulation are micro-needles which penetrate the upper skin's layers. Micro-needle electrodes have been successfully used for providing the user with tactile sensations by stimulating the index fingertip [START_REF] Kitamura | Micro-needle electrode array for electro tactile display[END_REF]] and the forearm [Tezuka et al. 2017]. The micro-needle electrodes penetrate the glabrous skin and stimulate the deep receptors (e.g., Pacini corpuscles) of the finger [START_REF] Kitamura | Micro-needle-based electro tactile display to present various tactile sensation[END_REF]]. Interestingly, this subdermal stimulation was efficient in rendering textural aspects like roughness [START_REF] Kitamura | Micro-needle-based electro tactile display to present various tactile sensation[END_REF]]. However, regarding the stimulation of the forearm, the study of Dong et al. 2020 presented discrepant findings, where the subdermal stimulation was found to be significantly less stable (i.e., greater psychophysical variations) than epidermal stimulation. Also, the same study found that epidermal stimulation appears to have better spatial resolution. However, subdermal stimulation appears to be advantageous in terms of stability (e.g., compactness and placement) which is important in applications, such as prosthetics, where permanent placement is seen as a more practical [Dong et al. 2019]. Nevertheless, in human-machine/computer applications, where wearability or portability is more crucial, a non-invasive solution like epidermal stimulation would be more effective and practical.

Rendering Techniques

In this section, we present the approaches that has been used for: (1) rendering of physical properties, (2) displaying of patterns and shapes, and (3) rendering/augmentation of objects. These categories are not exclusive, and many times there is some overlap between them.

Rendering of Forces and Contact Information

In the context of the closed loop interaction control with prosthetic hands, the most common usage is the rendering of forces as pressure and sliding feedback. In this regard, the most common feedback design is the modulation of the pulse width [START_REF] Cheng | Closed-loop system for myoelectric hand control based on electrotactile stimulation[END_REF]Xu et al. 2014Xu et al. , 2015]], or amplitude [START_REF] Chai | Electrotactile Feedback with Spatial and Mixed Coding for Object Identification and Closed-loop Control of Grasping Force in Myoelectric Prostheses[END_REF]] in order to convey the pressure feedback as an increase of the strength of the tactile sensation. Moreover, to represent the sliding velocity of the falling object, such methods also consider the change of active pads, by modulating the time interval between each pad's activation.

An alternative to this encoding is the discretization of grasping force, which is represented by using distinguishable patterns. For example, the work from [START_REF] Isaković | Electrotactile feedback improves performance and facilitates learning in the routine grasping task[END_REF]Štrbac et al. 2017 explored the use of spatial encoding among 16 pads to represent 6 different force levels. Alternatively, [START_REF] Li | Electrotactile feedback in a virtual hand rehabilitation platform: Evaluation and implementation[END_REF] explored the use of different values for amplitude, pulse width and frequency to represent 3 levels of forces for each of the 3 available pads (9 levels in total). For the latter, finding the right combination of parameters to obtain 9 differentiable levels took between 30-40 min per participant. Yet another encoding was used by Damian et al. 2012, where frequency modulation was used to represent the slip speed of an object when grasped, i.e. the electrical stimulation was active when the grasping force was not enough, and off when the participant applied the right force.

Another common use of electrotactile feedback is found in teleoperation scenarios to transmit forces. For instance, the work of [START_REF] Yoshimoto | Electrically multiplexed tactile interface: fusion of smart tactile sensor and display[END_REF] used frequency modulation to render excessive force applied to a force sensor as a guidance mechanism. Alternatively, [START_REF] Ward | Multi-channel electro-tactile feedback system for a prosthetic hand[END_REF] used a combination of fixed frequencies and amplitudes in conjunction with pad selection in order to encode 4 levels of pressure. Forces were applied to any of the phalanxes of the 5 fingers or the palm of a robotic hand. Pad selection determined the finger/palm being stimulated, the frequency determined the phalanx, and the amplitude determined one of the 4 levels of pressure. Moreover, [START_REF] Sato | Design of electrotactile stimulation to represent distribution of force vectors[END_REF] used pad selection among 31 pads distributed in a grid along the fingertip to represent the distribution of contact forces and based on the idea of "tactile primary colors" [Kajimoto et al. 2004a] in conjunction with changes to the intensity and frequency. They targeted Meissner corpuscles (RAI) and Merkel cells (SAI) associated to vibration and pressure respectively in order to represent the magnitude of the force. They finally encode the direction of the force by providing a stronger stimulus at the area of the finger with a higher deformation compared to the symmetric deformation produced by a perpendicular force.

Finally, in the context of VR, [START_REF] Hummel | A lightweight electrotactile feedback device for grasp improvement in immersive virtual environments[END_REF] modulated the time between pulses within a pulse burst to present a 5-level pattern for rendering contact and pressure at 8 points in the distal phalanxes. This system was tested in a VR scenario where participants had to press down buttons, switch a lever and grasp a cuboid in an on-orbit servicing context. [START_REF] Sagardia | VR-OOS: The DLR's virtual reality simulator for telerobotic on-orbit servicing with haptic feedback[END_REF] use pad selection to inform contact points during a VR training for the same context of on-orbiting servicing missions. In terms of perception, Yem et al. 2016 studied the effects of the amplitude and polarity of the electrical current in the perception of pressure and vibration, finding anodic stimulation is mostly described as vibration while cathodic as a combination of pressure and vibration. [START_REF] Choi | Mixedmodality stimulation to evoke two modalities simultaneously in one channel for electrocutaneous sensory feedback[END_REF] tried to render pressure and tapping sensation by superpositioning two signals with different frequencies. The high frequency signal was used for pressure which in turn used pulse width modulation for controlling the strength, whereas the low frequency signal was used for the tapping sensation.

Rendering of Patterns, Shapes and Guides

In the context of prosthetic hands, Štrbac et al. 2016 proposed 6 spatial patterns and 4 frequency levels using a 16 pads electrode to encode the degrees of freedom of a prosthetic hand (hand opening/closing, wrist pronation/supination, grasping force and wrist flexion/extension). In another work, Witteveen et al. 2012 used pad selection among 8 pads placed in the longitudinal direction of the forearm to indicate the discretized opening of the prosthetic hand. Moreover, as a guidance mechanism, Yoshimoto et al. 2015c used pad selection and frequency modulation to correct the orientation of a blade in a carving task.

Furthermore, in the context of sensory substitution, [START_REF] Liu | Fingereye: A wearable text reading assistive system for the blind and visually impaired[END_REF] used pad selection among 6 pads to render braille characters to the fingertip when this is hovered over regular text using a finger cap with a camera attached to it. Regarding feedback recognition, Franceschi et al. 2016b transferred mechanical stimulation applied to an electronic skin via electrotactile feedback where participants had to recognize the shape (line, square, triangle, letters), and the position and direction of the strokes. Finally, [START_REF] Geng | Human ability in identification of location and pulse number for electrocutaneous stimulation applied on the forearm[END_REF] investigated the ability to recognize the location and number of pulses in electrical stimulation applied to the forearm.

Rendering of Material Properties

Electrotactile feedback has also been implemented for augmenting the tactile sensation proportionally to the targeted material properties. In this direction, [START_REF] Withana | Tacttoo: A thin and feelthrough tattoo for on-skin tactile output[END_REF] augmented finger exploration thanks to their thin and feel-through electrodes, which were showcased in applications where tactile properties of physical 3D objects were augmented through frequency modulation and temporal patterns were used to augment a sketched user interface. In the same study, pad selection was also used in VR for rendering contact information. Yoshimoto et al. 2015a augmented material roughness in a free finger exploration via frequency modulation. Comparably, [START_REF] Kitamura | Micro-needle-based electro tactile display to present various tactile sensation[END_REF] used modulation of the frequency and pad switching time to explore roughness. They found that switching time is a better discriminator for roughness.

Applications of Electrotactile Feedback

Although electrotactile interfaces have been used in fingertips, forearm, abdomen, back and tongue [START_REF] Withana | Tacttoo: A thin and feelthrough tattoo for on-skin tactile output[END_REF], we focus our attention to the application of electrotactile feedback for improving hand interactions. In that line, this section presents a systematic review of electrotactile feedback applications with focus on hands and arm interactions. Since the electrotactile applications were more scarce before 2010, and they were discussed by other relevant reviews (e.g., see Chouvardas et al. 2008;[START_REF] Ghafoor | Selectivity and longevity of peripheral-nerve and machine interfaces: a review[END_REF][START_REF] Khurelbaatar | Tactile presentation to the back of a smartphone with simultaneous screen operation[END_REF][START_REF] Ma | Balance improvement effects of biofeedback systems with state-of-the-art wearable sensors: A systematic review[END_REF], we considered here only studies of the last decade (between 2010 and 2021). This section will attempt to provide the reader with an overview of the electrotactile feedback implementations in diverse disciplines for various hand interactions. The amassed studies are differentiated and clustered based on the type of implementation.

Electrotactile Feedback for Portable Devices

Another advantage of electrotactile feedback is that it can be easily applied to portable devices. One of the early attempts of this decade is the Palm Touch Panel by [START_REF] Fukushima | Palm touch panel: providing touch sensation through the device[END_REF]. This handheld device was at the size of a smartphone, where the front display was the interactive one (i.e., a touchscreen), and the back was the stimulating part, which delivers the electrotactile feedback to the palm. The Palm Touch Panel was able to render the sense of touching (i.e., selecting/interacting) by stimulating the corresponding area of the palmar skin. Using a comparable stimulator attached to the back of a smartphone, [START_REF] Khurelbaatar | Tactile presentation to the back of a smartphone with simultaneous screen operation[END_REF] stimulated the index fingertip of the user's hand, which was holding the smartphone, while the interaction with the touchscreen was done by the other hand's index. In their study, the users successfully recognized diverse shapes, which indicated the spatial accuracy of the electrotactile feedback.

Furthermore, on electrotactile touchpads, users who were receiving the electrotactile feedback on the interactive index fingertip reported high acceptability, as well as easiness to differentiate the intensity of stimulation [START_REF] Seps | A new type of a large-area multi-touch tactile device operated by electrotactile stimulation[END_REF]. Using a comparable haptic display, the finger tracking was evaluated as highly accurate [Kajimoto 2011b]. Finally, Yem et al. 2016 study postulated that the users were perceiving the amount of pressure applied on the haptic interface, by delivering a stimulation proportional to the applied pressure.

However, the unique advantage of electrotactile feedback is that can be delivered through transparent displays, which are placed in front and/or the back of touchscreen [START_REF] Altinsoy | Electrotactile feedback for handheld devices with touch screen-texture reproduction[END_REF]]. In [START_REF] Altinsoy | Electrotactile feedback for handheld devices with touch screen-texture reproduction[END_REF] the users received electrotactile feedback on both the hand holding the device (i.e., stimulating the palm) and the index fingertip which was interacting with the touchscreen. Importantly, the users received textural information, which assisted them with recognizing and differentiating effectively between sandpaper and grooved wood. Kajimoto 2012 examined the Skeletouch, a transparent haptic display, which was used over a smartphone's touchscreen for efficiently rendering the sense of touch by stimulating the index fingertip. Equally, [START_REF] Wang | E-Pad: a comfortable electrocutaneous-based tactile feedback display[END_REF] used E-Pad, a transparent electrotactile display over a tablet (see (a) in Figure 2.7) for rendering motion (i.e., index movement on the touchscreen) and provide guidance (i.e., following the path). The participants were substantially better in following the path when they were receiving electrotactile feedback than when they were receiving vibrotactile feedback.

Augmented Haptics

As seen above, the electrotactile feedback can be delivered over other surfaces (i.e., tablets and smartphones). This also suggests electrotactile feedback's potentiality for augmenting haptic information. Indeed, by stimulating the middle phalanx of the index, [START_REF] Yoshimoto | Electrically multiplexed tactile interface: fusion of smart tactile sensor and display[END_REF] were able to provide the users with a sense of touch on the fingertip, while the fingertip was at mid-air point over the target-object. In addition, the users were able to perceive the pressing force on the augmented surface of the target-object. Comparably, other studies were able to render textural information by stimulating the index fingertip [Wolf et al. 2015] or middle phalanx [Yoshimoto et al. 2015b]. Interestingly, the augmented haptic information, by stimulating the middle phalanxes of index and thumb, was implemented for guiding the user's hand movements and significantly improving the performance on a carving task [Yoshimoto et al. 2015c]. However, the above studies have used "traditional" electrodes, while one of the benefits of electrotactile feedback is that can be offered through thin, flexible, and/or transparent electrodes. [START_REF] Withana | Tacttoo: A thin and feelthrough tattoo for on-skin tactile output[END_REF] implemented thin, flexible, and transparent electrodes, which were also connected to a relatively small stimulator (see (b) in Figure 2.7). This electrotactile device not only presented desirable wearability and portability, but it was also capable of delivering augmented tactile sensations of various surfaces (e.g., a toy car, pencil, paper, and human skin) and while performing diverse tasks in physical (e.g., writing) and virtual reality (i.e., interacting with virtual objects). Lastly, in a follow-up study, Groeger et al. 2019 used similar 3-D printed electrodes connected to a portable controller (stimulator), which they then were attached on the surface of various objects (e.g., pen or smartphone's case) instead of the human skin (e.g., on the fingertip). This study demonstrated the acceptability of the electrotactile feedback, and an effective augmentation of tactile sensations. Although these multi-purpose electrodes can be easily 3-D printed [Groeger et al. 2019], an important drawback is that their durability is limited to up to 8 hours in an office environment [START_REF] Withana | Tacttoo: A thin and feelthrough tattoo for on-skin tactile output[END_REF]].

Guidance & Notification

As discussed above, the study of Yoshimoto et al. 2015c showed that electrotactile feedback may be efficiently used for providing guidance to the user for performing tasks (i.e., carving), which require fine movements. In the same direction, the study of Pamungkas et al. 2019 examined how the electrotactile feedback may assist the user with virtual typing (i.e, mid-air interactions with a virtual keyboard). By stimulating the lower phalanxes of all five fingers, their study showed that electrotactile feedback facilitates a substantially faster learning curve for virtual typing. The guidance in both studies is provided by notifying the users that their movements deviate from the optimal ones. Hence, electrotactile feedback may also be used as a medium for delivering notifica-tions. Indeed, electrotactile feedback has been found to be effective for facilitating communication between the user and Internet of Things (IoT) devices [START_REF] Parsnejad | Evaluating distinct sensations by modulating high-frequency electrotactile pulses for unobtrusive communication with iot devices[END_REF]]. Notably, Stanke et al. 2020 compared the efficiency of electrotactile and vibrotactile feedback in providing notifications to IoT users by stimulating the left hand's wrist and ring proximal phalanx. Their results indicated that, compared to vibrotactile feedback, electrotactile feedback has a substantially better spatial resolution and facilitates a significantly improved recognition of notification patterns. Contemporary wearable devices like the Apple Watch, which are worn on the wrist, provide predominantly vibrotactile feedback to the user [Pacchierotti et al. 2017]. Thus, the aforementioned results indicate that electrotactile feedback may be an alternative with improved performance, while it also alleviates financial burden due to its cost-effective design and fabrication.

Biomedical Applications: Assistive Devices

Electrotactile Feedback has also been implemented for biomedical applications. As discussed above, electrotactile feedback has been effectively delivered on the index fingertip. Likewise, researchers have administered it on the index fingertip in order to provide the users with a sensory substitution (e.g., haptic-visual or haptic-audio), which may improve the everyday lives of individuals with respective sensory impairments.

For substituting visual with haptic information, [START_REF] Liu | Fingereye: A wearable text reading assistive system for the blind and visually impaired[END_REF] developed the Finger Eye, a wearable text reading assistive system for the blind and visually impaired individuals. In their pilot study, they successfully converted visual data (i.e, text displayed on a screen or paper), which were captured by a Pan-Tilt-Zoom (PTZ) camera, into haptic information correspondingly to the braille reading system. Hence, using text recognition, [START_REF] Liu | Fingereye: A wearable text reading assistive system for the blind and visually impaired[END_REF] actually translated conventional text into braille. However, a disadvantage was that the camera was bulky (i.e., normal size of a PTZ camera) which prevents the wearability and portability of such text reading assistive system. Nevertheless, Rahimi et al. 2019b developed a significantly more portable and wearable similar device (see (g) in Figure 2.7). Also, Rahimi et al. 2019a,b, attempted to provide an automated recurrent calibration process. Although more research is needed towards this direction, this was a step towards achieving an automated regulation of stimulation power, which will address one of the main drawbacks of electrotactile feedback. Furthermore, Huang et al. 2017a,b substituted audio with haptic information. Through a tactile transducer, they administered electrotactile stimulation on the index fingertip to ameliorate speech recognition of cochlear implant users (i.e., with hearing impairment).

They converted speech sound amplitude and frequency into an electric signal with equivalent properties. However, the frequency of the electrical signal did not overpass the 200Hz to ensure temporal discrimination of the amplified speech. Indeed, cochlear implant users showed a significantly improved speech recognition in noise. The significantly improved speech recognition was observed both in Mandarin [Huang et al. 2017a] and English speakers [Huang et al. 2017b].

Biomedical Applications: Prostheses

Somatosensory information plays a crucial role in both motor performance as well as embodied cognition, which makes it vital for prosthetic hands/arms users [START_REF] Sensinger | A review of sensory feedback in upper-limb prostheses from the perspective of human motor control[END_REF]Stephens-Fripp et al. 2018]. Notably, the sense of embodiment has been suggested to increase the acceptance of a prosthetic hand/arm [START_REF] Sensinger | A review of sensory feedback in upper-limb prostheses from the perspective of human motor control[END_REF]Stephens-Fripp et al. 2018]. Electrotactile, vibrotactile, or combined feedback have been found to increase both motor performance of prosthetic hand/arm users, as well as the sense of embodiment, although more research is required to further explore those advantages [START_REF] Sensinger | A review of sensory feedback in upper-limb prostheses from the perspective of human motor control[END_REF]Stephens-Fripp et al. 2018]. Regarding electrotactile feedback, the majority of the implementations are related to prostheses of upper limbs, which will be discussed here.

The rationale is that the electrical stimulation is provided to the forearm or the upper arm, by electrodes placed in the circumference of the limb (a.k.a. non-somatotopic feedback), where the stimulation of each electrode attempts to represent the tactile sensation of a hand's part (e.g, a finger and/or the palm.). Indeed, the users can differentiate each stimulation and associate it correctly with the corresponding finger [START_REF] Choi | Twochannel electrotactile stimulation for sensory feedback of fingers of prosthesis[END_REF], without requiring somatotopic feedback (i.e., the electrodes to be placed near or at the amputation area) [START_REF] Chai | Developing non-somatotopic phantom finger sensation to comparable levels of somatotopic sensation through user training with electrotactile stimulation[END_REF]. Also, in the hybrid systems (i.e., vibrotactile and electrotactile), the electrotactile feedback can be easily differentiated from the vibrotactile feedback [D'Alonzo et al. 2013]. Notably, the electrotactile feedback has been well accepted by the users [START_REF] Isaković | Optimization of semiautomated calibration algorithm of multichannel electrotactile feedback for myoelectric hand prosthesis[END_REF]. Given that the somatosensory information is provided by the electrotactile and the motor abilities by electromyography (EMG) means (i.e., measuring the muscle movement of the forearm, informs on applying the corresponding hand movement and force), a synchronization between electrotactile feedback and EMG is paramount. Štrbac et al. 2019 study achieved an effective synchronization between electrotactile feedback (see (f) in Figure 2.7 for the electrotactile device) and EMG, while the users were able to perceive tactile sensations. However, a drawback of electrotactile feedback is that it necessitates recurrent calibration for providing personal-ized and pleasant feedback. [START_REF] Isaković | Optimization of semiautomated calibration algorithm of multichannel electrotactile feedback for myoelectric hand prosthesis[END_REF] offered an optimized calibration process, though follow-up research is required.

Furthermore, the sense of touch has been repeatedly rendered with success by delivering electrotactile feedback [D'Alonzo et al. 2013;[START_REF] Franceschi | Preliminary evaluation of the tactile feedback system based on artificial skin and electrotactile stimulation[END_REF][START_REF] Geng | Human ability in identification of location and pulse number for electrocutaneous stimulation applied on the forearm[END_REF]Hartmann et al. 2014b]. However, like the vast majority of the relevant studies, the electrotactile feedback was administered on the forearm. Nonetheless, the study of [START_REF] Wang | Perceptual attributes of cutaneous electrical stimulation to provide sensory information for prosthetic limb[END_REF] replicated the successful touch rendering by stimulating the upper arm. Also, considering that spatial aspects are crucial for hand interactions, the location of electrotactile feedback has been found that can be easily differentiated [START_REF] Chai | Developing non-somatotopic phantom finger sensation to comparable levels of somatotopic sensation through user training with electrotactile stimulation[END_REF]Fares et al. 2018]. Beyond the position, the orientation and direction of the stimulation were successfully identified by the user [START_REF] Franceschi | Preliminary evaluation of the tactile feedback system based on artificial skin and electrotactile stimulation[END_REF]. Importantly, the study of Geng et al. 2014 revealed a spatio-temporal identification of the artificial finger's position and the pulses' width, where the users recognized and paired the current position of the active finger, and/with the duration of stimulation. These results thus support the necessary perceptual mechanisms for hand interactions.

However, additional perceptual processes are required for hand interactions, which pertain to shape, size, textural, and motion features. In this direction, the earliest attempt in this decade was made by the study of Damian et al. 2012, where an electrotactile feedback on the forearm allowed the users to perceive the motion of the grabbed object, as well as the slippery and the grip force. Similarly, Franceschi et al. 2016a showed that the users can recognize the shape, trajectory, and direction of a moving target-object. Also, the participants in [START_REF] Choi | Mixedmodality stimulation to evoke two modalities simultaneously in one channel for electrocutaneous sensory feedback[END_REF] study received stimulation on the upper arm, which enabled them to perceive the pressure that the prosthesis applied on the surface. Equally, the participants of [START_REF] Huang | A bio-mechanical designed prosthetic hand with multi-control strategies[END_REF] by receiving a stimulation on the forearm, were able to perceive the applied force. Finally, [START_REF] Chai | Electrotactile Feedback with Spatial and Mixed Coding for Object Identification and Closed-loop Control of Grasping Force in Myoelectric Prostheses[END_REF] showed that the electrotactile feedback on the forearm facilitates discrimination of the size and texture (i.e., hardness and softness) of the target object, and it also assists with differentiation of the applied grasping force. Consequently, these results indicate the potency of electrotactile feedback to improve the grasping and handling performance of prostheses' users. Nevertheless, these benefits should be studied directly, especially in patients (i.e., amputees), since the aforementioned studies majorly recruited abled (i.e., healthy) individuals.

Several studies have indeed examined the benefits of electotactile feedback (predominantly applied on the forearm) on hand interactions (e.g., grasping) in amputees. The study of Štrbac et al. 2016 found that the set up of the electrotactile system on amputees was effortless, and the amputees were able to perceive kinesthetic information such as aperture, grasping force, and wrist rotation. Also, [START_REF] Isaković | Electrotactile feedback improves performance and facilitates learning in the routine grasping task[END_REF] demonstrated that electrotactile feedback assisted the amputees to have a significantly improved force perception, as well as a substantially improved grasping accuracy and precision. Substantial improvements in force perception and grasping performance of amputees were also found in the study of Witteveen et al. 2012, where the users were controlling a virtual hand; and in the study of Štrbac et al. 2017, where the users were controlling a robotic hand (Michelangelo hand). Notably, the amputees in the study of Xu et al. 2015, beyond a significantly improved grasping and force control, showed also significant improvements in grasping stability and movement speed. These results were also replicated in the study of [START_REF] Cheng | Closed-loop system for myoelectric hand control based on electrotactile stimulation[END_REF], by using a wearable electrotactile system (see (e) in Figure 2.7) for stimulating the upper arm. They also observed that the individuals with amputations showed significant improvements in differentiating materials with diverse level of stiffness. Of note, in contrast with the above-mentioned studies, which implemented a closed-loop between EMG and electrotactile feedback, the study of [START_REF] Achanccaray | Decoding hand motor imagery tasks within the same limb from eeg signals using deep learning[END_REF] implemented the electrotactile feedback in combination with a brain-computer-interface (BCI), where the latter was controlling the prosthetic's movements and actions. Comparably to the closed-loop systems, their study revealed that the conjunction of BCI and electrotactile feedback facilitates a substantially improved motor imagery, and significant improvements in flexion and extension, which are the essential grasping movements.

Teleoperation & Virtual Reality

Observing the advantages the electrotactile feedback brings to the control of prosthetic hands, one would reasonably expect these advantages would also apply to the teleoperation of robotic hands and other mechatronics. However, a significant difference between prosthetic and robotic-teleoperation is that the feedback is non-somatotopic (i.e., the feedback is applied on an anatomical part which is in-distance from the moving/interactive anatomical part) while in the latter is somatotopic (i.e., the feedback is applied on the corresponding anatomical part which initiates the actions). Hence, in teleoperation, the user expects to receive haptic feedback on the same area of the hand with the corresponding area of the robotic hand which makes the contact with the target object. Nevertheless, despite the essential differences, the studies which have implemented electrotactile feedback for teleoperation purposes have produced findings comparable to the findings on prostheses.

Pamungkas et al. 2013 developed a glove that applies electrotactile feedback on the dorsal area of the hand (see (c) in Figure 2.7), which was implemented for teleoperating a robotic hand. In their pilot study, they rendered the sense of touch, which allowed the operator to successfully place a peg in a hole. In a subsequent pilot study, they teleoperated a robotic drill through immersive VR, where the operator performed drilling with dexterity and accuracy [Pamungkas et al. 2015]. In Pamungkas et al. 2016 pilot study, they used the same glove to convey the sensation of contacts in immersive VR for diverse use cases such as playing with a virtual bouncing ball, setting up a campfire, feeling different surface textures, and shooting a gun.

Notably, the study of Yem et al. 2017, using a device called "Finger Glove for Augmented Reality" (FinGAR), rendered macro roughness, friction, fine roughness, and hardness in VR. Their study (N = 10) showed that cathodic stimulations combined with skin deformation modulate macro roughness and hardness, while high-frequency vibration combined with anodic stimulation modulate friction and fine roughness. In another study, Yem et al. 2018 showed that electrotactile feedback could inform on the directions of the illusory force sensation (flexion and extension), and render tactile sensations such as the softness, hardness and stickiness of a virtual object.

On the other hand, Sagardia et al. 2015 developed a VR teleoperation system integrated with an electrotactile delivery system composed of a small tactor with eight electrodes for each finger (see (d) in Figure 2.7), in an attempt to offer a simulation/training for on-orbit servicing (OOS) missions. The motor movement was controlled by a bimanual haptic device HUG (i.e., light-weight robot arms) and the electrotactile feedback was delivered to each fingertip. Their system was tested in three VR assembly tasks for remote OOS missions, which included pressing a button, switching a lever switch, and pulling a module from its slot. The VR teleoperation training showed comparable results to the physical training, while the users reported that the VR training was highly realistic. Importantly, their results were replicated and their system was further scrutinized in a user study with an adequate sample size (N = 19) [START_REF] Hummel | A lightweight electrotactile feedback device for grasp improvement in immersive virtual environments[END_REF]. In this follow-up study of [START_REF] Hummel | A lightweight electrotactile feedback device for grasp improvement in immersive virtual environments[END_REF] the significant difference was that the motor movements in VR were not facilitated by bimanual robotic hands, instead, the hands of the users were tracked, hence their hand-movements were directly mirrored in VR. Their user study found that the electrotactile feedback substantially improved the grasping performance of the users, while it significantly decreased their workload. These results hence appear to replicate the benefits of electrotactile feedback that were seen in prostheses (e.g., im-proved grasping), and indicate that similar advantages can be seen in VR for computerand/or machine-human interactions. 

Biomedical

Conclusion

In this chapter we provided the general background that is needed to understand how tactile cues are sensed and perceived by the somatosensory system. Then we went over the available haptic technology, mentioning the different types of actuators that are used and what are the most promising wearable solutions that are used in VR. Finally we presented the state of the art regarding electrotactile stimulation, giving an overview of how different the technology is compared to traditional mechanical stimulation, how can be controlled to render different sensations and how has been used in diverse domains. In this chapter we present a wearable electrotactile feedback system to enhance contact information for mid-air interactions with virtual objects. In particular, we propose the use of electrotactile feedback to render the interpenetration distance between the user's finger and the virtual content being touched. Our approach consists of modulating the perceived intensity (frequency and pulse width modulation) of the electrotactile stimuli according to the registered interpenetration distance. In a user study (N=21), we assessed the performance of four different interpenetration feedback approaches: electrotactile-only, visual-only, electrotactile and visual, and no interpenetration feedback. If electrotactile feedback achieves good contact precision and accuracy, then this could be an an efficient replacement of visual feedback for contact information when performing simultaneous tasks where some of them require active visual focus or for the cases where rendering of additional visual artefacts is just not possible.

Motivation

In the last years, researchers focused on the sensation of making and breaking contact [START_REF] Chinello | A modular wearable finger interface for cutaneous and kinesthetic interaction: control and evaluation[END_REF][START_REF] Chinello | A three revolute-revolute-spherical wearable fingertip cutaneous device for stiffness rendering[END_REF][START_REF] Salazar | Altering the stiffness, friction, and shape perception of tangible objects in virtual reality using wearable haptics[END_REF][START_REF] Young | Compensating for Fingertip Size to Render Tactile Cues More Accurately[END_REF]], as it is proven to be an important factor for immersion in VR. [START_REF] Kuchenbecker | The touch thimble: Providing fingertip contact feedback during point-force haptic interaction[END_REF] endowed a desktop kinesthetic interface with a passive tactile end-effector. The kinesthetic feedback provided by the desktop device bends the internal springs of the tactile end-effector and brings a shell in contact with the user's finger, providing the sensation of making/breaking contact with the virtual object (see Figure 3.1). In a similar fashion, Gonzalez et al. 2015 attached a ring of optical sensor to the endeffector, being able to measure the distance of the fingertip from the ring and adjust the transition between free space and contact. Finally, Prachyabrued et al. 2016 evaluated the impact of visual feedback in pinch grasping a virtual object, where the authors suggest for best performance to show both hand models (tracked and constrained) and coloring the fingers and/or the object being grasped (see Figure 3.2). 

Feedback Design for Contact Rendering

The tactile sensation elicited by electrotactile stimulation can be controlled by both, the parameters chosen for the design of the electrodes and the parameters of the delivered electrical signal [START_REF] Choi | Twochannel electrotactile stimulation for sensory feedback of fingers of prosthesis[END_REF][START_REF] Kaczmarek | Interaction of perceived frequency and intensity in fingertip electrotactile stimulation: Dissimilarity ratings and multidimensional scaling[END_REF][START_REF] Kajimoto | Tactile feeling display using functional electrical stimulation[END_REF][START_REF] Lozano | Electrotactile stimulation on the tongue: Intensity perception, discrimination, and cross-modality estimation[END_REF]. Individual pads in an electrode can be disabled or enabled (enabled as either cathode or anode) meanwhile signal's intensity, pulse width and frequency can be increased/decreased to apply some modulation. Pad selection determines the location where the stimulus is going to be applied.

Changes in the current intensity is the most common way to increase/decrease the strength of the sensation, but the feeling is highly variable across subjects and relatively small increases can quickly elicit uncomfortable sensations. Changes in the pulse width and frequency can also elicit changes in the perceived strength of the sensation, although less significantly than when altering the current intensity [START_REF] Aiello | Multidimensional electrocutaneous stimulation[END_REF]]. Changes in the frequency are also employed to increase/decrease how fast the tickles are delivered.

Given the disadvantages of intensity modulation, we fixed the intensity value for each participant, chosen after a brief calibration so as to avoid any undesired uncomfortable/painful sensation. We chose pulse width modulation to control the strength of the sensation and frequency modulation to control its speed. We chose to place the electrodes at the fingertip, as it is the area of the body most often used for pointing, grasping, and manipulating objects [Pacchierotti et al. 2017]. To produce the stimulation at the center of the finger pad, we select an anode-cathode configuration with the widest possible dynamic range for the given electrode.

As mentioned before, we modulate the electrotactile interpenetration feedback proportionally to the distance between the constrained user's fingertip avatar (i.e., the object surface) and its actual position as tracked by the system (see Figure 3.3). In other words, both the perceived intensity and speed of the electrotactile sensation increase as the user's physical hand interpenetrates the virtual object. To achieve this effect, the pulse width is modulated linearly from 200 µs to 500 µs. On the other hand, we considered the perception of frequency to be logarithmic [START_REF] Varshney | Why do we perceive logarithmically?[END_REF]] and we apply a gamma correction so as to linearize how fast the tingles are perceived. The proposed frequency modulation allows us to explore a range of frequencies from 30 Hz to 200 Hz, which is the maximum frequency of the device. Fig. 3.4 shows the two inputs with respect to the normalized interpenetration (1: maximum, 0: zero, see section 3.2 for the details). Choices regarding the range of stimulation and the active pads have been done after a short preliminary study, so as to provide the most comfortable tactile sensations to the finger pad.

System Design

The interpenetration of the finger avatar into the virtual content drives our pulse width and frequency modulation. After a series of pilot user studies, we determined that, for a cube of edge of 15 cm, 3 cm represents the maximum interpenetration achieved in most interactions. For this reason, we normalized the interpenetration d by this value, i.e., a normalized interpenetration d of 1 means a true interpenetration into the virtual object of 3 cm.

The position of the participant's hand is tracked using a HTC Vive Tracker attached to the back of the hand (see Figure 3.5). The physics-based hand avatar (physics-based as its interactions are handled by the physics engine) collides with the other objects in the virtual environment while trying to follow the position indicated by the tracker. As described at the beginning of Section 3.2, this avatar resolves all virtual collisions and avoids any undesired virtual interpenetration. Whenever it comes into contact with a virtual object, its motion is constrained to stay on the object's surface, regardless of how much the user's hand moves into the object. As detailed above, this discrepancy between the user's real hand and its avatar drives our electrotactile interpenetration feedback. 

Electrotactile Feedback System

This PhD. thesis was done in the context of the European Union's Horizon 2020 project called TACTILITY. As an Horizon 2020 project, this project is a collaboration between multiple industry and research partners forming a consortium. Partners in this consortium have lent us the equipment that is needed to conduct research on the use of electrotactile stimulation in VR.

The equipment (electrode and stimulator) presented here was used in this experiment and in the studies that are presented in the following chapters. Electrode: We used a 7-channel electrode whose 6 cathodes are distributed in a matrix array of 2 rows by 3 columns and an anode with an H shape having two lateral pads interconnected by a segment going through both rows of cathodes (see Figure 3.6-a). Each pad used as cathode has a dimension of 3mm×4mm and the lateral anodes have a dimension of 4mm × 15mm. This particular design was the result of an optimization based on previous tests and results of psychometric evaluation of earlier prototypes targeting index and thumb fingers. The electrodes were manufactured using state-of-the-art materials and printing technologies.

Stimulator: We used a custom 32-channels electrical stimulator (see Figure 3.6-c), capable of delivering squared waves biphasic pulses with adjustable per-channel pulse width (PW) in the range [30-500] µs, intensity, also referred as amplitude (A) between [0.1, 9] mA, and pulse frequency (f) between Hz. The electrical stimulator delivers electrical pulses with an inter-pulse interval (IPI) of 500 µs (see Figure 3.7 for a stimulation example). Pulses coming from the activation of two or more pads are delivered sequentially. However, thanks to the small IPI, those pads are perceived as stimulated at the same time in a similarly way to the time division scanning used in [START_REF] Sato | Design of electrotactile stimulation to represent distribution of force vectors[END_REF]. 

User Study

This section describes a user study evaluating the proposed electrotactile interpenetration feedback system. Our main objective was to assess the potential advantages and disadvantages of using electrotactile interpenetration feedback while performing a task requiring a high level of accuracy and precision. In particular, we focused on a task in which the user is asked to contact a virtual surface with his/her index finger while minimizing the amount of interpenetration between the virtual surface and the real index finger. In such a task, when the virtual hand avatar cannot interpenetrate virtual surfaces, it is difficult for the user to precisely assess the amount of interpenetration between his/her finger and the virtual surface without any additional feedback.

Our main hypothesis is that additional interpenetration feedback, either visual and/or electroactile, would increase the awareness of the user, effectively decreasing the amount of interpenetration. Yet, electrotactile interpenetration feedback will provide a more coherent experience. In addition to consider the electrotactile interpenetration feedback method presented in the previous section, for comparison purposes, we also modulated the avail-ability of visual cues. First, we considered a visual interpenetration feedback technique (see Figure 3.8 right). Second, we considered the interaction with two different virtual objects, a fully-opaque virtual cube and a wireframe-only cube (see Figure 3.8 left and right). We also considered the latter so as to limit the visual cues which could anticipate the contact with the virtual object. Hence, the independent variable (IV) Interpenetration F eedback has four levels: 1) No Interpenetration Feedback; 2) Visual Interpenetration Feedback; 3) Electrotactile Interpenetration Feedback, 4) Visuo-electrotactile Interpenetration Feedback (i.e., interpenetration information is provided both visually and haptically). The four levels of the IV are examined in two object rendering methods: 1) fully-opaque and 2) wireframe-only. In the following, we detail how these techniques are implemented in our experimental study.

Experimental Task

The task required participants to touch a virtual surface (a cube of size 15 × 15 × 15 cm) which was located on a virtual table (see Figure 3.9). Participants started the experience in a seated position in front of said virtual table. The cube was placed on the user's left side, while a resting area was located on the user's right side. For each trial, participants were asked to start with their right hand in the resting area, to move to touch with their index finger the top side of the virtual cube precisely while keeping a steady contact for three seconds, and then they were notified that should return their hand again to the resting area. Participants were instructed to minimize the interpenetration between the virtual surface and their real index finger while ensuring a continuous contact with the cube. To ensure that all participants kept a consistent timing, auditory feedback (a short beep sound) was used to notify the users when they had to start the trial and when the three seconds of contact were achieved. During the whole interaction, participants were asked to keep their hand in a closed fist, with the index finger fully extended for facilitating a similar posture and an approximate collocation between the physical and the virtual hand. The experimenter was prompting each participant to have this posture when a new block was starting, while during the breaks between the blocks, the participant could have a rest and move her/his hand and fingers freely or just relax, which assisted with avoiding a postural fatigue.

Electrotactile Feedback Calibration

The calibration of the electrotactile interpenetration feedback is a key step to ensure that all participants perceived a consistent tactile feedback. As the calibration cannot be done automatically, participants were asked to calibrate the intensity of the electrotactile interpenetration feedback multiple times throughout the experiment. If the calibration is not done per each user, parameters such as the skin's conductivity and/or a tolerance could result in stimuli that are not perceived (i.e., too low intensity) or uncomfortable or even painful (i.e., too high intensity).

The right range of current intensity was determined using the method of limits. Starting from a low intensity value, the intensity was increased considering steps of 0.1 mA. This incremental procedure continued, step by step, until the participant confirmed that the electrotactile feedback was perceived, defining his/her sensation detection threshold. Then, the incremental approach continued until the participant confirmed that the electrotactile feedback caused discomfort, defining his/her pain/discomfort threshold. Similarly, starting from a high intensity value, the intensity was decreased considering steps of 0.1 mA. This starting high intensity value was defined as the 3rd quartile of the range between the detection and pain/discomfort thresholds. This decremental procedure continued, step by step, until the participant confirmed that the electrotactile feedback was not perceived anymore.

During the entire calibration process, the signal frequency was set to 200 Hz and the pulse width to 500 µs. These values were chosen as they represent the strongest stimulation that could be achieved through the interpenetration feedback, as detailed in the previous Section. The final intensity value to be used throughout the experiment was calculated from a linear interpolation between the detection and discomfort thresholds. We chose an intermediate value between these thresholds, as it would result in a perceivable yet comfortable stimulus

Participants and Apparatus

A total of 21 individuals [age: mean(SD) = 25.67 (2.74); range = 23 -33 years old; gender: 14 males, 6 females, and 1 non-binary] were recruited through an in-campus advertisement and a call on institutional email lists. 21 participants were familiar with using VR head-mounted displays (VR-HMDs), 10 participants had a previous experience with receiving tactile feedback in VR (predominantly vibrotactile), and only 2 had experienced electrotactile feedback in the past.

An HTC Vive Pro HMD was used for immersion. The PC had an NVIDIA RTX 2070. An HTC Vive Tracker attached to the back of the palm (see Figure 3.5) and 2 Lighthouse base stations were used for tracking. See Figure 3.5 for the placement of electrotactile stimulator, which weighted 300 g. A Velcro strap was used to hold the electrode, its tightness was adjusted to achieve a comfortable yet firm placement of the electrode.

The VR application was built using Unity in conjunction with the SteamVR Unity plugin (see Figure 3.9). The collisions were directly handled by the SteamVR plugin and the Unity physics simulation. A blackboard was used for providing any critical information/instructions within the participant's field of view.

User Representation and Visual Interpenetration feedback

The user could only see a visual representation of their right hand (proxy/avatar). As stated earlier, the hand avatar cannot go through the virtual object so as to better mimic a real interaction. The hand is always kept in a closed fist, with the index finger fully extended, which is the same pose we asked participants to keep while interacting with the cube (see Figure 3.8).

An outline effect was used as visual interpenetration feedback (see Figure 3.8. Outline effects are commonly used to denote interactivity or selection [Sidenmark et al. 2020;[START_REF] Zhao | SeeingVR: A set of tools to make virtual reality more accessible to people with low vision[END_REF]]. However, the implemented outline was dynamically rendered proportional to interpenetration's depth. The outline was parameterized using a scale factor and the size of the border. The scale factor went from ×1 (edge of 15 cm 3 ) to ×1.2 (edge of 18 cm 3 ). The border varied between 1 and 5 pixels. When both electrotactile and visual interpenetration feedbacks were provided, a mismatch between the two modalities may result in a haptics' uncanny valley effect, which compromises the performance [START_REF] Berger | The uncanny valley of haptics[END_REF]. For this reason, the modification of border size and width of the outline was determined through a pilot study. The choice of this particular parameters' range aimed to ensure that, comparably to the electrotactile interpenetration feedback, the perception of the visual interpenetration feedback's intensity is proportional to the size of the interpenetration.

Experimental Protocol

This study received the approval of the authors' institution ethical committee. As it was carried out during the COVID-19 pandemic, a preventive hygiene and disinfection protocol was implemented. Participants signed an informed consent form prior to their participation The set up consisted of a VR area, a table, and a chair. The table was co-located with the virtual table. A pre-exposure questionnaire was filled to acquire demographic data. Participants went through a tutorial for performing the experimental task.

The experiment followed a latin square design, 4 types of interpenetration feedback × 2 types of cube shading × 2 parts of the experiment (i.e., 4 × 2 × 2). Each experiment's part had 4 blocks, where each block consisted of 12 repetitions. In total, each participant performed 96 repetitions (i.e., 48 per experiment's part). In total, 3 calibrations were performed a) Before Part 1; b) After Part 1; c) After Part 2. Finally, a post-exposure questionnaire was filled to acquire the participant's subjective ratings on the types of feedback, with a focus on electrotactile interpenetration feedback.

Dependent Variables and Hypotheses

In order to answer the hypothesis of our experiment and considering the experimental task we measured the following metrics: average (avg_d), standard deviation (std_d) and maximum (max_d) interpenetration during the three seconds in which the user was asked to remain in contact with the virtual cube surface. As we did not track the user's finger but the back of the hand, the interpenetration was computed by measuring the distance between the position of the real fingertip in the virtual environment and the position of the avatar fingertip constrained on the surface of the cube. The interpenetration measures provide information regarding the awareness of the real interpenetration (accuracy) and their ability to keep a constant and not oscillatory contact with the virtual surface (precision). In this respect our hypotheses were:

-[H1] The addition of interpenetration feedback (either visual or electrotactile) will increase the precision and the accuracy of the task. -[H2] The combination of the visual and electrotactile interpenetration feedback will result on the best precision and accuracy. -[H3] Precision and accuracy will be higher for the fully shaded condition.

-[H4] Precision and accuracy will improve along the experiment due to learning effects.

The sensation and discomfort thresholds (in mA) were obtained during the three calibration processes. We expected that the thresholds will vary due to changes in skin conductivity or due to habituation. In this respect our hypothesis was:

-[H5] Sensation and discomfort thresholds will monotonically increase during the experiment.

Finally, the participants' subjective report were collected through a post-exposure questionnaire. The questionnaire is included as supplementary material. The questionnaire en-compassed questions pertaining to the perceived usefulness, coherence, and resemblance with a real interaction of the electrotactile interpenetration feedback, as well as some comparison questions between the interpenetration feedback modalities. In this respect our hypotheses were:

-[H6] Electrotactile interpenetration feedback will be reported as useful and coherent.

-[H7]

There will be no significant differences between visual and electrotactile interpenetration feedback in terms of usefulness, coherence, and/or resemblance.

Results

The homogeneity and normality assumptions were examined. The performance variables violated the normality assumption. The values were converted into logarithms since the variables' distributions were substantially positively skewed. No violation was then detected. The same amendments were made for the intensity values, which also violated the normality assumption. Finally, as the shading condition showed no significant results, which suggests the rejection of H3. In sake of clarity, the shading condition will not be considered in the results report. Thus, for the following analyses the conditions were the type of interpenetration feedback and the part of experiment.

A two-way repeated measures ANOVA was performed for each performance variable, as well as a post-hoc pairwise comparisons test respectively. When the sphericity assumption was violated, then the Greenhouse Geisser's correction was considered. Furthermore, a pairwise comparison was conducted to explore potential differences in the intensity values amongst the three calibrations (i.e., initial, middle, and final). Also, a Pearson's correlational analysis was performed to investigate the presence of relationships between the intensity values and the performance variables. Finally, the post-exposure self-reports (Likert scale) by the participants were explored. A non-parametric pairwise comparison was implemented to examine the presence of differences on the questionnaire's items. The Bonferroni correction was implemented accordingly to the number of comparison's pairs in each analysis to amend p-values' inflation due to multiple comparisons. The descriptive statistics for all performance variables and the intensities, as well as the results for the maximum interpenetration are all included in the supplementary material for completeness.

Index Finger Interpenetration

Average Index Interpenetration -Accuracy. The ANOVA's outcomes indicated that all effects were statistically significant. The type of feedback produced a main effect of F (1.97, 39.31) = 25.89, p < .001 postulating a substantial difference amongst the feedback types. In line with H1, an ω 2 = 0.54, 95% CI[0.35, 0.66] suggesting a very large effect of the type of feedback on average interpenetration (i.e., accuracy). In support of H4, the part of the experiment yielded an effect of F (1, 20) = 31.74, p < .001, suggesting a significant difference between the two parts of the experiment with a very large effect size of ω 2 = 0.58, 95% CI[0.26,0.75]. The interaction between the parts of the experiment and the types of feedback produced an effect of F (2.11, 42.21) = 5.72, p = .006 indicating significant differences among the pairs between the types of feedback and the parts of experiment. An ω 2 = 0.18, 95% CI[-0.01, 0.34] was yielded for these interactions indicating that they have a large effect on the accuracy. The post-hoc pairwise comparisons are displayed in Figure 3.10. The results support both H1 and H2. In the 1 st part, the visual g = 0.90, p < .001 and combined feedback g = 1.10, p < .001 were substantially improved compared to the no interpenetration feedback condition, with a large effect in both comparisons. Also, the visual g = 0.52, p = .026 and combined feedback g = 0.67, p = .002 were substantially better than the electrotactile condition, with a moderate effect size in both comparisons. In the 2 nd part, the visual g = 1.10, p < .001, combined g = 1.69, p < .001, and electrotactile interpenetration feedback g = 1.10, p < .001, were significantly better compared to the no interpenetration feedback condition, with a very large effect in every comparison. No further significant differences were detected in both parts. Furthermore, the electrotactile g = 0.86, p < .001 and combined feedback g = 0.69, p < .001 were significantly improved in the 2 nd part compared to the 1 st part, with a large and a moderate effect correspondingly. In contrast, the equivalent comparisons for the no interpenetration feedback and visual interpenetration feedback were not statistically significant. Notably, only the size of change for electrotactile interpenetration feedback was significantly greater than the size of change for the no interpenetration feedback g = 0.64, p = .005 and visual interpenetration feedback g = 0.60, p = .010, with a moderate effect size for both.

Standard Deviation Index Interpenetration -Precision. The results of the ANOVA suggested statistically significant effects at .05 significance level. Supporting H1, the main effect of the the type of feedback on index oscillations (i.e., precision) yielded an effect of F (1.88, 37.69) = 28.92, p < .001, and of ω 2 = 0.57, 95% CI[0.39, 0.68] postulating significant differences between the diverse types of feedback with a very large effect size. Aligned with H4, the main effect for the part of experiment on the precision produced an F (1, 20) = 9.32, p = .006, and of ω 2 = 0.27, 95% CI[-0.01, 0.54] suggesting a significant difference between the two part of the experiment with a large effect. The interaction among the diverse pairs derived from the parts of the experiment and the types of feedback yielded an interaction effect of F (2.38, 47.66) = 4.30, p = .014, and of ω 2 = 0.13, 95%

CI [-0.03, 0.29] postulating significant difference between the diverse pairs with a large effect size.

The post-hoc paiwise comparisons are illustrated in Figure 3.11. The results appear to support both H1 and H2. In the 1 st part of experiment, the visual g = 1.06, p < .001 and combined feedback g = 1.109, p < .001 were founded substantially greater than the no interpenetration feedback condition, with a very large effect in both comparisons. Also, the visual g = 0.79, p < .001 and combined feedback g = 0.90, p < .001 were found to be substantially better than the electrotactile interpenetration feedback, with a large effect size in both comparisons. In the 2 nd part of experiment, the visual g = 1.32, p < .001, combined g = 1.71, p < .001, and electrotactile interpenetration feedback g = 1.07, p < .001, were found to be significantly better than the no interpenetration feedback condition, with a very large effect in every comparison. No further significant differences were detected in both parts. Furthermore, only the electrotactile g = 0.74, p < .001 was found to be substantially improved in the 2 nd part compared to the 1 st part, with a large effect. The equivalent comparisons for the no interpenetration feedback, visual interpenetration, and combined interpenetration feedback were not statistically significant. Importantly, the size of change for electrotactile interpenetration feedback from the 1 st to the 2 nd part was significantly larger than the size of change of the no interpenetration feedback g = 0.54, p = .027 and visual interpenetration feedback g = 0.59, p = .012, with a moderate effect size in both comparisons.

Calibration of Electrotactile Feedback

The pairwise comparisons are displayed in Figure 3.12. The sensation threshold (i.e., the intensity that the participant commences perceiving the electrotactile feedback), the discomfort threshold (i.e.,intensity that the participant commences feeling discomfort due to electrotactile feedback), and the actual value (i.e., the weighted intensity that was implemented to provide electrotactile interpenetration feedback) of the middle (i.e., after the 1 st and before the 2 nd part of experiment) and final calibration (i.e., after the 2 nd part of experiment) were statistically greater than the equivalent intensities of initial calibration (i.e., before the 1 st part of experiment). Specifically, the sensation threshold g = 1.45, p < .001, the discomfort threshold g = 0.91, p < .001, and the actual value g = 1.08, p < .001 of middle calibration were substantially larger than the equivalent intensities of initial calibration, while the effect size was large to very large in each comparison. Similarly, the sensation threshold g = 0.70, p = .005, the discomfort threshold g = 0.83, p < .001, and the actual value g = 0.88, p < .001 of final calibration were significantly larger than the equivalent intensities of initial calibration, while the effect size was large in every comparison. However, no significant differences were detected between final and middle calibration, which postulates the rejection of H5. Finally, none of the intensity values was significantly correlated either positively or negatively with any of the performance variables. 

Subjective Results

The descriptive statistics of the post-exposure self-reports are displayed in Table 3.1, which support H6. In support of H7, the Wilcoxon signed rank test yielded no significant differences in the comparisons between the visual and electrotactile interpenetration feedback pertaining to usefulness (i.e., how useful was the feedback for the task's completion), coherence (i.e., how much coherent was the feedback with touching the surface), and resemblance (i.e., how much the feedback resembles touching a real surface). The Wilcoxon rank sum test, for the question pertaining to the combined feedback condition, indicated a significant difference p = .024 between electrotactile and combined feedback, postulating that the participants reported that they relied significantly more on the electrotactile interpenetration feedback rather than both interpenetration feedbacks (i.e., visual and electrotactile). However, in the same question, there was no significant difference between visual and electrotactile interpenetration feedback suggesting a balanced preference. Moreover, the participants reported that the visual interpenetration feedback was useful and coherent, albeit that provided a feeling that is different from touching a real surface. Similarly, it was reported that the electrotactile interpenetration feedback was useful to very useful and coherent, albeit that provided a feeling that is different to very different from touching a real surface. Also, the self-reports suggested that the electrotactile interpenetration feedback provided neither a pleasant nor unpleasant sensation, as well as that it provided a frequent to very frequent perceptual update of pressing down the surface. Finally, the self-reports indicated that the combination of electrotactile and visual interpenetration feedback had a very coherent to completely coherent synchronization, and it was perceived as moderately similar as to touching a real surface.

Discussion

Our findings agree with previous studies, where bimodal feedback increased the accuracy and precision in contact tasks [Triantafyllidis et al. 2020]. Also, our results are in accordance with a meta-analysis of user interaction studies, where the bimodal (i.e., visuohaptic) feedback was found to improve performance [START_REF] Burke | Comparing the effects of visual-auditory and visual-tactile feedback on user performance: a metaanalysis[END_REF]]. However, a haptic uncanny effect may substantially compromise the benefits of bimodal feedback on performance [START_REF] Berger | The uncanny valley of haptics[END_REF]]. In our study, the dynamic visual interpenetration feedback was matched to the varying intensities of electrotactile interpenetration feedback, which aligns with the suggestions to mitigate or evade a haptic uncanny effect [START_REF] Berger | The uncanny valley of haptics[END_REF]]. Hence, our results further support the importance of having matched feedback modalities, when implementing bimodal feedback. Furthermore, our quantitative and qualitative outcomes align with the qualitative results of Pamungkas et al. 2013, where the participants reported that the electrotactile interpenetration feedback assisted them with performing a VR robot-teleoperation task faster and more accurately. However, in our quantitative user study the benefits of providing electrotactile interpenetration feedback became apparent only in the 2 nd part of experiment, suggesting the presence of a learning effect. Also, the intensity values for providing electrotactile interpenetration feedback were substantially increased in the middle calibration, which were used in the 2 nd part of experiment. In conjunction, our findings postulate that the advantages of electrotactile interpenetration feedback may surface, when the user has been familiarized with it, and/or the intensity of feedback is well-adjusted to skin's conductivity changes and/or user's increased tolerance to the electrotactile interpenetration feedback. However, the intensity values were not correlated with neither accuracy nor precision. Thus, the increased familiarity with the electrotactile interpenetration feedback that was inferred due to the observed learning effect, appears to better explain why the advantageous effects of electrotactile interpenetration feedback on performance were surfaced only during the 2 nd part of experiment.

It should be noted that the learning effect was not generally present. The learning effect was identified only for the bimodal visuotactile feedback regarding accuracy, as well as for the electrotactile interpenetration feedback regarding both accuracy and precision. These findings indicate that the learning effect was important only in conditions where the electrotactile interpenetration feedback was used. Also, the size of the improvement in the accuracy and precision from the 1 st to the 2 nd part of experiment was significantly greater for the electrotactile interpenetration feedback condition compared to the size of improvement for no interpenetration feedback and visual interpenetration feedback conditions respectively. This finding also postulates that the learning effect was observed due to the novelty of the electrotactile interpenetration feedback, and not due a practice effect related to the task. Nevertheless, the effects of the familiarity with electrotactile interpenetration feedback and the refined calibration on user's performance should be further scrutinized in prospective studies.

Finally, the results postulate the effectiveness of electrotactile and/or visual interpenetration feedback. However, the implemented visual interpenetration feedback requires constant visual focus, would occlude other visual information, and render visual artefacts in a fully interactive virtual environment, which may reduce substantially the contact precision and accuracy [START_REF] Qian | Virtual reality based laparoscopic surgery simulation[END_REF]. In contrast, the suggested electrotactile interpenetration feedback appears to facilitate multiple contact interactions, although this should be further examined. Thus, the presented electrotactile feedback system seems to be the most appropriate and effective choice for improving precision and accuracy of mid-air interactions in immersive VR

Conclusion

In this chapter, we proposed an electrotactile rendering algorithm to enhance contact information in a virtual environment based on the modulation of the pulse width and frequency of the electrical signal. In order to explore the benefits and limitations of the proposed method, we conducted a user study evaluating the electrotactile interpenetration feedback by examining the performance in touching accurately and precisely a virtual rigid object.

The results showed that participants achieved significantly better performance in terms of accuracy and precision when visual and/or electrotactile interpenetration feedback was provided. More importantly, there were no significant differences between visual and electrotactile interpenetration feedback when the calibration was optimized and the user was familiarized with electrotactile interpenetration feedback. Considering that visual discrimination is dominant in such scenarios and a visual interpenetration feedback renders visual artefacts, the findings indicate a promising future for electrotactile-based systems for improving contact precision and accuracy in interactive VR systems.

Later in Chapter 6, we present a user study where we explore more complex rendering techniques using different modulations and spatio-temporal patterns.

As seen in this chapter, participants needed to increase the intensity of the electrical stimulation to keep the same level of perception along the experiment. This process might become tedious and time consuming if multiple pads are used. In the next chapter, we present an interaction technique that accelerates this process in VR by letting the user calibrate the intensity using a 3D slider. This chapter presents the design and evaluation of a 3D interaction technique to calibrate the intensity of electrotactile feedback in VR. The proposed technique attempts to decrease the time it takes for a person to calibrate the intensity of the electrical stimulation. The calibration of the intensity is a time-consuming process, specially when this process needs to be repeated for each pad when using high density electrodes. This method also explores the benefits of embedding the calibration procedures directly in VR to increase the user's comfort. The main contributions of this work are: the design and implementation of a VR-based method to calibrate the intensity of the feedback; and a user study (N=16) evaluating the proposed VR-based method compared to a keyboard-based one, assessing the calibration time and the dynamic range obtained.

Motivation

The calibration of the intensity of the stimulation is a key element to provide compelling and effective electrotactile feedback. An inappropriate application of electrotactile feedback may elicit undesirable effects such as absence of sensation, skin irritation, burns, electric shock, and discomfort [Kaczmarek et al. 1991b]. A personalized calibration of electrotactile feedback, where the intensity of the electrotactile feedback is adjusted to the personal sensational and discomfort thresholds of the user, may prevent these adverse effects [Stephens-Fripp et al. 2018].

Current Calibration Methods

A major challenge for electrotactile interfaces is the calibration of the electrotactile parameters for a given user. A number of studies have attempted to automate and improve the calibration process. Gregory et al. 2009 developed a circuit model for identifying and classifying the parameters of the skin-electrode interface. Similarly, Fadali et al. 2009 used a model with fuzzy logic for detecting preferences pertinent to tactile sensations. Also, a real-time feedback loop was developed by Kajimoto 2011a, destined to monitor the skin's impedance in order to make the system regulate the electrotactile feedback's intensity. Comparably, [START_REF] Akhtar | The relationship between energy, phase charge, impedance, and perceived sensation in electrotactile stimulation[END_REF][START_REF] Akhtar | Controlling sensation intensity for electrotactile stimulation in human-machine interfaces[END_REF] delivered models for measuring the skin's impedance and adjusting the electrotactile feedback parameters. Rahimi et al. 2019a,b implemented an automatic recurrent calibration process for legally blind users of a Braille text-reading assistive system. Finally, [START_REF] Isaković | Optimization of semiautomated calibration algorithm of multichannel electrotactile feedback for myoelectric hand prosthesis[END_REF] strived to offer an optimiza-tion of the calibration process for providing the users with a personalized electrotactile feedback.

Nevertheless, as discussed above, the recurrent calibration, for adjusting the electrotactile feedback's parameters to the users' preferences, appears to play a central role for improving users' performance and safety. Currently, there is not a calibration process that can be performed independently (i.e., by the users themselves) while the users are immersed in the virtual environment. In the rest of this chapter, we therefore propose a calibration system that is embedded in the virtual environment.

Open Issues with Current Methods

In the literature (see [START_REF] Kourtesis | Electrotactile feedback applications for hand and arm interactions: A systematic review, meta-analysis, and future directions[END_REF], and as reviewed in Section 4.1.1, there are a number of works that focused on the improvement of the calibration of electrotactile feedback. However, these methods still require manual adjustment of the intensity values in order to achieve an optimal user experience. For example, a number of electrical stimulators measure the impedance of the skin in order to render a constant sensation, yet, users' optimal sensation level still requires to be calibrated [START_REF] Kourtesis | Electrotactile feedback applications for hand and arm interactions: A systematic review, meta-analysis, and future directions[END_REF].

Other methods consider previously measured data to create an initial rough calibration by extrapolation, yet, these values might require further refinement to achieve optimal calibration values. In overall, these methods follow strict rules, such as staircase method, where each sensation value is played for fixed amount of time, in which the user have a minimal control during the calibration. In any case, the calibration must be validated by the user and that could become a tedious and time consuming procedure.

The previous experiment, presented in Chapter 3, highlighted that calibration is a critical part of the rendering of tactile sensations using electrotactile feedback and multiple calibrations might be needed to account for the participant's adaptation to the stimulation. Thus, we decided to explore alternative ways to calibrate the system. In an ideal calibration procedure, the user should be autonomous while performing the calibration without the need of external support (e.g. experimenter). More importantly, the calibration system needs to follow a number of safety rules in order to not let the user set unpleasant values by mistake. Furthermore, as the quality of the sensation depends on the contact between the electrode and the skin, the input mechanism used by the user should not interfere with it. For example, traditional input methods (mouse/keyboard/controllers) are designed to be used with the dominant hand which is also the target for rendering tactile sensations. Based on this, mid-air interactions could be of benefit for interacting with a calibration system when the dominant hand is cluttered with the VR and electrotactile equipment (e.g. stimulator, electrodes, trackers). Moreover the contact between the electrode and the skin should not be altered by a physical contact with the worn equipment. Finally, the system should provide a fast but accurate calibration procedure, which can be performed recurrently while the user is immersed in the virtual environment.

Calibration Using a 3D Slider in VR

Based on the lessons learned from our first experiment presented in Chapter 3, we proposed an interactive method to calibrate the intensity of the electrical stimulation. In this method, we considered a mid-air interaction technique in which the users could use their virtual hand representation (index finger) to interact with a 3D slider to adjust the intensity of the feedback. Using this technique, participants can calibrate the intensity of the feedback while wearing a VR HMD. Participants use their virtual index finger to decrease or increase the intensity by dragging the highlighted part of a virtual slider left and right. The slider has a total length of 1.76 m and consists of 88 slices (2 cm each), allowing exploring the full legnth from a seated position, and is located in front of the user (see Figure 4.1).

The stimulation is only enabled when the finger of the participant is inside the virtual slider. The range of intensities goes from 0.2 mA to 9.0 mA, making the resolution of the slider match the resolution of the stimulator that we used (increments of 0.1 mA). Furthermore, to avoid sudden/unwanted changes on the value of the slider, the slider only changes by activating consecutive slices, i.e. participants need to drag the last active slice, so they can not set a high value by mistake. This design avoided users making fast/unwanted motions that could increase the intensity of the stimulation beyond their discomfort threshold. This is an important aspect, as it ensures a safe calibration and subsequent safe electrotactile interaction.

User Study

This section describes the evaluation that we used to compare our proposed calibration method (3D slider in VR) against a baseline in which they used a desktop-based method using a traditional physical keyboard.

Calibration Using a Keyboard

In this condition, participants looked at a regular monitor displaying a fixed point of view of the scene with the slider at the center of the screen. Participants could use the keyboard to interacted with the virtual slider. Pressing the left/right arrows of the numeric keyboard to decrease/increase the intensity (which will also turn the stimulation on), pressing the delete key of the numeric keyboard to stop the stimulation and pressing the insert key of the numeric keyboard to toggle the sensation on/off (see Figure 4.2).

The keyboard interaction was mapped to the visual slider, so each key-press event activated the immediate consecutive slice. To make the slider advance farther, multiple key-presses were needed instead of going all the way up with a single long key-press.

In order to provide consistent feedback for both methods, when the stimulation was off, the slider had a gray color whereas when is on, the slider glowed with a light blue or an orange color based whether the participant was calibrating the sensation or discomfort threshold. For both conditions, the calibration of the discomfort threshold was performed from the previous value set as sensation rather than starting from zero. 

Participants and Apparatus

A total of 16 individuals [age: mean(SD) = 27.3(7.3); range = 22 -52 years old; gender: 8 males; 8 females] were recruited through an in-campus advertisement. All 16 participants were familiar with using VR HMDs, 12 had previous experience with tactile devices and 7 had previous experience with electrotactile feedback.

The equipment was the same as the one used in the previous experiment described in Section 3.3. The calibration was performed only for the central pad placed at the center of the finger pad with a fixed pulse width of 150 µs and a frequency of 200 Hz.

Experimental Protocol

At the beginning of the experiment, participants were informed about the nature of the experiment and were asked to read and sign the informed consent form. After that, participants answered a pre-questionnaire where they answered some demographic questions followed by questions assessing their experience with VR, haptics and electrotactile equipment.

Then, we asked the participants to determine the sensation and discomfort thresholds using both methods. Both shared the same visual feedback which consisted of a 3D slider and a black board for providing written instructions (see Figure 4.1). The order of the calibration method was counterbalanced. Moreover, to test for potential learning effects, the calibration procedure was performed twice (see Figure 4.3). For example, participants performed the calibration first with the keyboard method, then with the VR method, and then repeated again. Participants performed the calibration twice for each method. Before performing the calibration, participants had time to get familiarized with both interaction methods (in the same order as in the experiment). During this familiarization process, no tactile sensation was rendered so they could focus only on the interaction. Once the main task was over, participants answered a SUS-like questionnaire evaluating the usability of each interaction method.

Dependent Variables and Hypotheses

Based on our hypotheses and the experimental task we measured the following metrics within each trial: sensation threshold, discomfort threshold, sensation dynamic range, intensity adjustments and calibration time. The sensation and discomfort thresholds were set directly by the participants using one of the calibration methods. The sensation dynamic range was calculated as the difference between the discomfort and the sensation thresholds. The intensity adjustments considered the amount of times that the intensity was updated. For each condition the intensity updates were discrete, either pressing a key or dragging the slider directly. The calibration time was measured starting at the first time the participant interacted with the system during the trial until the time when they finalised the calibration. Sensation, discomfort and dynamic range are measured in milliamperes whereas the calibration time is measured in seconds.

At the end of the experiment, participants answered a modified version of the SUS questionnaire (see Table 4.1) composed of eight paired questions per condition, using a 5-Likert scale: Strongly Disagree, Disagree, Neither, Agree, Strongly Agree. The first six questions [Q1-Q6] were taken from the original SUS questionnaire which were applicable for our system comparison and the last two [Q7, Q8] were added with the intention to corroborate objective metrics with participants' perception.

In this respect our hypotheses were:

-[H1] When using the slider in VR as interaction method, the calibration time will decrease. Also, the calibration time will decrease as the experiment advances. -[H2] The interaction method will not have an effect on the perceived intensity, producing similar sensation and discomfort thresholds under any interaction condition. -[H3] The VR slider calibration method will increase the interaction in terms of number of intensity adjustments. Also, the number of adjustments will decrease as the experiment advances.

Results

The homogeneity and normality assumptions were assessed. The discomfort, dynamic range, and duration of the calibrations violated the normality assumption. The distributions were positively skewed. The values were then transformed using a logarithmic transformation. No further violations were detected after the logarithmic transformation of the data.

A two-way repeated measures ANOVA was performed for each continuous variable. The sphericity assumption was never violated in the ANOVA analyses. The ANOVA analyses were followed by post-hoc pairwise comparisons. Lastly, the participants' selfreports on each calibration system's usability (i.e., modified SUS questionnaire) were examined. Non-parametric pairwise comparisons were performed to scrutinize the reported usability aspects.

Calibration Duration

In line with H1, the results of the ANOVA analysis revealed significant main effects for both calibration type and calibration repetition. However, there was no significant interaction effect between calibration type and calibration repetition. The calibration type had a main effect of (F (1, 14) = 13.89, p = .002) indicating significant differences between the calibration types. The calibration type had a large effect size of (ω 2 = 0.11, 95% CI[0, 1]) on the duration of calibration. Comparably, the calibration's repetition had a main effect of (F (1, 14) = 34.61, p < .001) suggesting a substantial difference between the 1 st and the 2 nd repetition. The produced effect size was of (ω 2 = 0.14, 95% CI[0, 1]) indicating a large effect of the repetition on the calibration's duration.

The post-hoc pairwise comparisons are illustrated in Figure 4.4. The results strongly support both aspects of H1. The VR slider calibration method was substantially faster than the keyboard method, and the difference between them was of a large effect size of (g = 0.61, p = .002). Similarly, the duration of the 2 nd repetition, regardless of the calibration type, was significantly shorter than the 1 st repetition, and the effect size was equally large (g = 0.78, p = .001). 

Perceived Intensity and Thresholds

The ANOVA analyses for the sensation and discomfort thresholds, respectively, did not indicate any significant main effect of the calibration type on the sensation and discomfort thresholds. These results align with the H2. However, a significant main effect (F (1, 15) = 15.59, p = .002) on sensation threshold was identified due to the calibration repetition. Nevertheless, the effect size of the calibration repetition on the sensation threshold (ω 2 = -0.001, 95% CI[0, 1]) was extremely small. Similarly, the non-significant effect size (ω 2 = -0.001, 95% CI[0, 1]) of calibration repetition on discomfort threshold was equally small. Also, there was not any significant interaction effect for both thresholds. Finally, none significant main or interaction effect of calibration type and/or repetition on the dynamic range of electrotactile feedback was detected.

The post-hoc comparisons between 1 st and 2 nd repetition are displayed in Figure 4.5. The sensation threshold in the 1 st repetition was substantially smaller compared to the 2 nd one, and the effect size was large (g = -0.86, p < .001). Also, a small size effect (g = -0.20, p = .270) was seen in discomfort threshold, albeit the difference was not significant. Finally, as seen in Figure 4.5, compared to the sensation threshold, the distribution of discomfort threshold was wider, and the mean values much higher. 

Thresholds Adjustments

Regarding the number of adjustments of each threshold during the calibration process, the ANOVA analyses detected significant main effects of the calibration type on the adjustments of both thresholds. These main effects are in support of H3. Specifically, the calibration type had a significant main effect (F (1, 15) = 14.29, p = .002) on the number of adjustments of sensation's threshold. The calibration type had a moderate to large effect size of (ω 2 = 0.08, 95% CI[0, 1]) on the adjustments of sensation's threshold. Comparably, calibration type had also a significant main effect (F (1, 15) = 7.84, p = .014) on the number of adjustments of discomfort's threshold. However, in this case, the effect size was small to moderate (ω 2 = 0.02, 95% CI[0, 1]).

The post-hoc comparisons for the number of adjustments of sensation and discomfort threshold respectively are displayed in Figure 4.6. Compared to the keyboard calibration system, the users explored substantially more intensity values for identifying their sensation threshold while using the VR slider calibration system, and the effect size of this difference was of medium size (g = -0.48, p = .001). Likewise, the users explored significantly more intensity values for identifying their discomfort threshold while using the VR slider calibration system. Equally, the effect size of this difference was of medium size (g = -0.47, p = .010). Finally, regardless the calibration type, compared to the 1 st repetition, the users explored less values for identifying their discomfort threshold in the 2 nd repetition, and the effect size of this difference was moderate (g = -0.42, p = .020). These results are in line with the H3. 

SUS Questionnaire

The descriptive statistics of the questionnaire are shown in Table 4.1. The VR interaction got a score of 87.5 ± 10.94 while the score for the keyboard was of 82.62 ± 14.66 (max achievable score is 100). We analyzed the difference between the scores using a two-sample Wilcoxon-test and this yielded no significant difference. Then we explored potential differences within questions using again a two-sample Wilcoxon-test. No significant differences were detected, except for Q7 regarding the speed of performing the calibration process.

Based on these self-reports, the VR slider was rated as substantially faster p = .005 than the keyboard-based calibration. This result further supports H1. 

ID Question Keyboard

Scores

VR

Scores

Q1 -Complexity I found that the calibration procedure was unnecessarily complex.

3.5 [START_REF] Isaković | Optimization of semiautomated calibration algorithm of multichannel electrotactile feedback for myoelectric hand prosthesis[END_REF][4] 4 [START_REF] Isaković | Optimization of semiautomated calibration algorithm of multichannel electrotactile feedback for myoelectric hand prosthesis[END_REF][4] Q2 -Easiness I thought the calibration system was easy to use. 3 [START_REF] Isaković | Optimization of semiautomated calibration algorithm of multichannel electrotactile feedback for myoelectric hand prosthesis[END_REF][4] 4 [START_REF] Isaković | Optimization of semiautomated calibration algorithm of multichannel electrotactile feedback for myoelectric hand prosthesis[END_REF][4] Q3 -Fast Learning I would imagine that most people would learn to use this calibration system very quickly.

4 [START_REF] Isaković | Optimization of semiautomated calibration algorithm of multichannel electrotactile feedback for myoelectric hand prosthesis[END_REF][4] 4 [3.75-4] Q4 -Cumbersomeness I found that the calibration procedure was very cumbersome.

3 [2.75-4] 4 [START_REF] Isaković | Optimization of semiautomated calibration algorithm of multichannel electrotactile feedback for myoelectric hand prosthesis[END_REF][4] Q5 -Confidence Level I felt very confident while using the calibration system. 3 [START_REF] Isaković | Optimization of semiautomated calibration algorithm of multichannel electrotactile feedback for myoelectric hand prosthesis[END_REF][4] 3 [START_REF] Isaković | Optimization of semiautomated calibration algorithm of multichannel electrotactile feedback for myoelectric hand prosthesis[END_REF][4] Q6 -Learning Curve I needed to learn a lot of things regarding the method before I could do the calibration properly.

4 [START_REF] Isaković | Optimization of semiautomated calibration algorithm of multichannel electrotactile feedback for myoelectric hand prosthesis[END_REF][4] 4 [START_REF] Isaković | Optimization of semiautomated calibration algorithm of multichannel electrotactile feedback for myoelectric hand prosthesis[END_REF][4] Q7 -Speed* The calibration system allowed me to perform the calibration fast.

3 [3-3.25] 4 [START_REF] Isaković | Optimization of semiautomated calibration algorithm of multichannel electrotactile feedback for myoelectric hand prosthesis[END_REF][4] Q8 -Precision

The calibration system allowed me to perform the calibration accurately. 4 [START_REF] Isaković | Optimization of semiautomated calibration algorithm of multichannel electrotactile feedback for myoelectric hand prosthesis[END_REF][4] 3 [START_REF] Isaković | Optimization of semiautomated calibration algorithm of multichannel electrotactile feedback for myoelectric hand prosthesis[END_REF][4] *Significant difference. VR faster than Keyboard (p < 0.01)

Discussion

Overall, the results are in accordance with our hypotheses. First, the objective and subjective results for the duration of the calibration process agreed with H1, i.e. participants performed the calibration significantly faster when using the VR interaction than when using the keyboard and this was actually perceived by them and reflected on their selfreports. These results were expected because we enforced multiple key-presses rather than a press and hold keyboard interaction for increasing the intensity. This imposition was added in order to provide a safe calibration procedure and this has also its counter-part in the VR condition where intensity increments need to be performed by activating slice by slice. Moreover, we found a reduction in the calibration time during the second repetition which turned out to be independent of the calibration method, i.e. participants performed the calibration faster during the second repetition (learning effect) but keeping the relative speed between the two calibration methods. This learning effect was expected for two reasons. Firstly, they knew by then how to perform the tasks more efficiently. Secondly, they had already figured out what were their sensation and discomfort thresholds from the previous iteration.

Regarding H2, the results confirmed that the calibration method would not have an impact on the calibration thresholds. Participants managed to set the same values regardless of the interaction. We recall that both methods have the same resolution of 0.1 mA and it seems that the physical size chosen for the individual slices (2 cm), proposed no problem for the participants when it comes to precisely select them. The significant difference of sensation threshold between calibration's repetition agreed with the finding of our previous experiment, where participants required a higher intensity value in the second calibration to perceive the electrical stimulation. We suggest as one of the reasons the familiarization with the stimuli but this needs to be further examined. The fact that the difference was significant only for the sensation threshold and not for the discomfort could be due to the expected variance of both thresholds. In general, both thresholds increased during the second repetition but these increments were compared to the each variances. Participants answered less accurately whether a particular intensity value was uncomfortable or not; not so much being the case for the binary question whether they felt something or not.

Finally, our results surfaced an interesting difference between the two calibration methods regarding the number of adjustments. In line with H3, the results showed that the participants, while using the VR method, explored more intensity values (i.e., number of adjustments) in order to select their sensation and discomfort thresholds. Nonetheless, the VR calibration method was also performed faster by the participants. This leads us to the conclusion that participants were exposed to a higher number of values in a shorter period of time which benefits calibration's efficiency. The results also confirmed that there is a decrease of number of adjustments during the second repetition, which we associate with a learning effect for similar reasons to H1. The participants had thus improved in performing the calibration, while they had previously identified the threshold that should strive to reach.

We should recall that in this experiment, all 16 participants had prior experience with VR technology, which might have had an effect on their performance as they were familiarized with the technology.

Conclusion

In this chapter we explored how the calibration procedure for electrotactile feedback could be improved and integrated directly within the virtual environment. The calibration procedure is key for the optional perception of the tactile sensations. The results showed that users were able to perform faster calibrations with a comparable accuracy using the VR calibration method.

The proposed calibration technique was further used in the user-study presented later in Chapter 6, where we used the six pads available in the electrode to render richer feedback.

Taken the results from the previous experiment presented in Chapter 3 together with the results reported in this Chapter, the overall results show the potential of wearable electrotactile devices for eliciting tactile sensations in a virtual reality context. Nevertheless there are still a number of future works that are still required. For example, there is the need to explore other alternatives for the modulation and location of the electrotactile feedback. In that regard, we present in the next chapter an architecture for authoring and testing a variety of electrotactile sensations.

In this chapter we present a framework for the authoring and rendering of electrotactile feedback that can also generalized to other feedback modalities. The following framework was developed to work within the Unity game engine, providing a mechanism for VR developers to augment VR experiences with electrotactile feedback. This authoring system was employed when developing the interactions and experiments presented later in Chapter 6.

Motivation

This framework was built out of our needs to have a mechanism to exploit our electrical stimulator capabilities, test quickly different prototypes of electrodes, and have a fast and easy way to author electrotactile sensations so they can quickly be compared when used as tactile feedback in VR interactions. The framework was originally exploited to work with our electrotactile devices and then was extended to support vibrotactile feedback as well. It is designed to be easily extendable to other types of haptic sensations. Figure 5.1 presents an overview of the architecture showing the workflow of the data that is needed to render tactile sensations as response to application events (virtual collisions, mouse click events, etc.). In our architecture, tactile sensations are requested as response to applications events as shown in the top left corner of the diagram. As there are endless events and application data, it is the application side the one in charge of requesting tactile sensations in order to render tactile feedback. On the other hand, as the tactile response is not necessarily rendered using electrotactile feedback, the way to communicate these requests is via abstract tactile parameters that describe the sensation we would like to elicit. Tactile FXs are set of configurations, modulations and patterns. Tactile FXs hide the complexity of the underlying stimulation, which can be configured to use any available device, and are controlled in an uniform way by reacting to changes to tactile parameters. A library of available Tactile FXs is exposed via a Tactile FX Manager. The Tactile FX Mananger provides an interface to the application to request playing, stopping and updating tactile FXs. When user's information is available such as in the case of existing sensation and discomfort thresholds, Tactile FXs use that existing data to control the intensity of the feedback. The actual changes are perform on Tactile Sources that are components that represent physical actuators rendering tactile sensations. These tactile sources submit commands to the appropriate devices via some Device Manager that handle the actual connection with the device. For the particular case of electrotactile stimulation, apart from the Electrotactile Source, an electrode configuration is used to represent a physical electrode.

In the following sections we present the main components of this architecture using a bottom-up approach as lower level components are referenced by the ones at higher levels.

Electrodes Specification

Although we mostly used along our experiments an electrode having the cathodes laid out in a 2x3 matrix array, multiple electrodes were tested internally for pilots and during the development of the whole system. The following list of electrodes were provided from partners of TACTILITY project.

The first version of electrodes targeted the index and thumb's finger pads along with the palm and the dorsal part of the hand (see Figure 5.2). The use of these electrodes is independent from each other and they can all potentially be connected to the 32-channels stimulator. A second generation of electrodes (versions 2.1, 2.2, 2.3 and 2.4) were designed to target the proximal, intermediate and distal phalanxes of the index finger and the proximal and distal phalanxes of the thumb. Multiple designs were considered here (circular patterns, matrix arrays and variations of them). We found in this generation of electrodes one that satisfied well our needs (v2.1 I1) to render fine detailed information at the finger pad of the index finger (see Figure 5.3). A third generation targeted the whole hand using a single giant electrode which is intended to be integrated into a wearable glove (see Figure 5.4). While targeting the whole hand, this electrode has a considerable amount of pads at the finger pad of the index finger as this is usually important for tactile exploration. Our system provides an easy mechanism to define these layouts and future ones as templates. Adding these templates requires just extending the base class VirtualElectrode, specify the channels that are used, and provide the layout (a css and xml files) for the visualization of the electrode.

Once a template for an electrode has been created, we can create instances of this electrode as a standard regular asset within Unity and configure it as we please. Configuring the polarity of the terminals (pads) is done in a friendly and visual way by choosing the correct polarity from a drop-down menu without having to deal with the underlying channel id (see Figure 5.6). 

Communication with the Stimulator

The low-level communication with the stimulator is done via a Stimulator Manager Component. This Stimulator Manager handles the connection with the stimulator via Bluetooth, manages the "queue" of commands and is also in charge of letting the users know the internal state of the stimulator (firmware version, battery status, etc.).

One key aspect is the processing of commands that need to be sent to the stimulator. A VR application should target at least 60 frames per second (FPS) otherwise users might experience motion sickness. Some experts have even suggested 90 FPS as minimum [START_REF] Jerdan | Head-mounted virtual reality and mental health: critical review of current research[END_REF]. In order to reach these high FPS, communication with the stimulator should not stall the main/rendering thread when sending/receiving Bluetooth messages. A command processing thread runs in parallel/concurrently to the main/rendering thread, submitting commands every 100ms (10Hz) if there are actually commands to be sent. We have determined this speed considering that a higher one saturates the device's buffer with messages and it does not give the electrical stimulator enough time to actually process the commands. Stimulation commands are created in the main thread based on events in the VR application (touch of the finger with an object, increase of finger speed while rubbing a surface, etc). These stimulation commands are stored in a stack that is shared with the command processing thread. The command processing thread attempts to read commands from the stack every 100ms, parsing the content of the stack and removing useless old commands that are not applicable anymore and only then it sends them to the stimulator as a Bluetooth message. Commands are put into categories (stimulation on/off, frequency update, intensity update, etc) and this help the command processing thread to filter invalid commands and also to balance the type of commands that are going to be processed. These two last mechanisms were important features that prevented overflowing the stimulator's buffer with useless commands while also making sure all types of messages get to be executed without getting the stimulator busy processing a single type of commands that gets updated too often. Figure 5.7 shows a simplified diagram of the communication process between the threads and internal processing loop of the stimulator.

Defining Tactile Sources

Our architecture is heavily influenced by Unity and how other game engines work. To play sounds in Unity, an Audio Source Component is needed in order for Unity to play audio feedback. Similarly, to render tactile feedback, a Tactile Source Component is needed within the scene. Tactile sources have a similar behaviour to Unity's Audio sources in terms that both can be played and stopped; Playing a tactile source will generate the right commands in order for the device to start the stimulation.

As a particular instance of Tactile Source, an Electrotactile Source represents and electrode playing a stimulation using a certain configuration and electrical parameters. The layout of the electrode and the polarity of the pads it is set using an electrode asset introduced earlier in Section 5.2. The electrotactile source offers a mechanism to specify the electrical parameters of the stimulation: the intensity and pulse width of each pad marked as cathode and the frequency of the electrical pulses. The electrotactile source is the most basic component for rendering electrotactile feedback. More advanced modulation and spatio-temporal patterns work on top of an existing electrotactile source, either by changing electrical parameters (intensity, pulse width and frequency) in real time or by switching the active cathodes of the underlying electrode.

Spatio-temporal Patterns and Modulations

Authoring of Spatio-temporal Patterns

Spatio-temporal patterns are moving sensations made out of a set of activations that are switched periodically over time at a certain speed.

As mentioned earlier in Section 5.4, electrotactile sources are the main building blocks for rendering electrotactile sensations. In order to modify what pads are active in an electrotactile source, we developed a Pad Activator Component whose work is to activa/deactive pads in a given electrotactile source. The pad activator takes as information the electrotactile source that is going to be affected and a list of "activations" (electrode configuration assets) holding the desired subset of pads that we would like to active at a certain point.

The Pad Activator exposes an application programming interface (API) that let the order and exact time when an activation takes place to be delegated to another controller. We have developed multiple controllers that can be used in a variety of situations. An example of it is the Pad Activator Time Iterator Component. This time iterator will periodically trigger a switch of activations after a user defined amount of time has passed. The time iterator offers two options: the default one, to switch activations in a circular way following the order specified in the pad activator; the second one, to choose the next activation randomly within the list of activations in the pad activator.

We can now use pad activator and the time iterator components to define any spatiotemporal pattern. The first step is to define the individual activations that compose the pattern. As an example, for a pattern that goes in circle following a clockwise direction, we create the individual activations for the corresponding electrode (see Figure 5.9-a for a v2.1-I1 electrode). Then we assign these activations in a pad activator in the desired clockwise order and finally, we add a time iterator to control how fast the pattern is going to be rendered (see Figure 5.9 for the whole setup). 

Definition of Modulations

Modulation of electrical parameters (intensity, pulse width or frequency) is done via general mapping functions (mappers). These general mappers take as input a single value which is considered to be normalized between [0, 1] and output another value in a customized desired range.

We use Unity's built-in curve editor (see Figure 5.10) to specify these functions and we also provide implementations of common parametric curves called easing functions (see Figure 5.11). Easing functions are commonly used to specify the way a certain value A will reach another value B while having a different speed over time. To perform the actual modulation of an electrical parameter based on some external variable, we need to: i) specify the mapping function with the appropriate output range. The output range has to be within the limits defined by the device and span the range of values of interest. ii) Connect the external variable of interest to the previous mapper. This external variable needs to be normalized based on its own range of interest. For instance, let's say we want to render a sensation that is proportional to some force. We can do pulse width modulation between 75µs and 200µs using the easeOutExp curve shown in Figure 5.11-c and using as input some virtual force registered by the physics engine. We might be interested in a range of forces going from 15N to 50N , so any registered force is going to be clamped into that range, normalized and then input into the mapper to adjust the pulse width of the feedback accordingly (see Figure 5.12). The resulting pulse width modulation will render a stronger sensation the stronger the virtual force is.

Figure 5.12 -Use of pulse width modulation for rendering of virtual forces. a) Virtual force exerted on the finger as a reaction force. A user-defined range of forces is converted into and abstract strength parameter where a value of zero is the weakest possible sensation and a value of one the strongest. b) Pulse width of the electrical stimulation is adjusted accordingly to represent the magnitude of the force. The user-defined modulation specified here uses a pulse width of 75 µs for the weakest sensation and a pulse width of 200 µs for the strongest.

Participants Calibration Thresholds

As we have mentioned earlier in Section 2.2, one of the drawbacks of electrotactile feedback is the need of the calibration of the intensity. As each person will perceive intensity values differently, there is no sense dealing with absolute values. We still need to have a mechanism to specify the intensity of the current at a given point. For that reason we have opted referring to intensities using values relatives to thresholds.

Two common thresholds widely used in the literature are the sensation and discomfort thresholds. The sensation threshold corresponds to the lowest intensity value that the user is capable perceiving whereas the discomfort threshold corresponds to the highest intensity value from which the sensation becomes unpleasant or painful. We might argue that users determine their sensation threshold more easily as they are more confident answering a binary question regarding whether they perceive a sensation or not. Determining the discomfort threshold is a bit more complex as requires the user to be exposed to an unpleasant sensation and the subjectivity increases as everyone will have a different standpoint regarding how much they can withstand.

In the case of electrotactile feedback, we have also seen in the literature the use of a localization threshold which corresponds to the value of intensity where the sensation is not diffuse and can be well localized into a single point.

During our particular experiments, we were interested in two additional thresholds. Firstly, we were interested in a sub-sensation threshold, which we defined as the maximum intensity value right before a sensation is perceived. We were interested in such threshold as it represents well what could be used as a zero/null value. Secondly, we opted to ask participants for the maximum intensity at which the sensation is perceived strongly but never unpleasant. We decided to name this value as the optimal threshold, as we are certain the sensation is well perceived while not causing any discomfort. The following Figure 5.13 shows the relative position between these thresholds. We have developed a Calibration Data Component whose main purpose is to store perpad per-threshold intensity values so the rest of the system can access them uniformly. Intensity values can be obtained either by referencing a threshold, or by using a factor in conjunction with a range delimited by a pair of thresholds (interpolation between two thresholds).

This component obtains the intensities either by recording existing intensity values from the corresponding electrotactile source or by loading them from an external text file in case an external calibration process was used. This component also offers some utilities such as filling automatically sub-sensation data based on existing sensation thresholds and filling automatically optimal thresholds calculated as a factor between the sensation and discomfort thresholds.

Authoring of Tactile FXs

A Tactile FX is a component that contains the configurations, spatio-temporal patterns and modulations needed to render a specific tactile sensation.

They are configured by first specifying what parameters are going to fixed and what are going to be dynamic. For the fixed parameters, we can specify the fixed values directly using the graphical interface. For the particular case of the intensity, fixed values of intensities are specified using the thresholds available in the calibration data.

For the dynamic part, we can link the appropriate spatio-temporal pattern or modulation that we would like to be in charge of controlling the given tactile source parameter.

We finally give the Tactile FX an appropriate unique name that is going to be used for discovering reasons.

Figure 5.15 shows the authoring of an example Tactile FX where we specify that the intensity is going to be fixed and equal to the optimal threshold of the user, with a pulse frequency of 100 Hz. We also specify that the activation of the pads is going to follow a custom pattern and that the pulse width will be adjusted following a modulation based on some user defined strength. 

Tactile FX Manager & Tactile Parameters

The Tactile FX Manager is the interface with our framework. From an application developer point of view, the developer only needs to interact with the Tactile FX Manager by requesting to play/stop one of the tactile FXs available in the library and updating input tactile parameters based on the logic of the application.

As stated earlier, the way to express some desired tactile response is via Tactile Parameters which describe in a generic way some characteristic of the sensation. These tactile parameters are qualifiers that express degrees of quantities rather than specific values. Take for instance the tactile parameter speed, which has no units associated with it. The normalized value (between 0 and 1) it is just a generic way to encode a target speed between the minimum and maximum speed the tactile FX can handle and represent.

The Tactile FX Manager works by discovering the available Tactile FXs. These Tactile FXs can be associated with different parts of the hand specifying different levels of granularity. For instance, we can associate a Tactile FX with the index finger or we could be more explicit specifying the distal phalanx of the index finger. 

Other Feedback Modalities

Following the same principles we used for electrotactile feedback, we extended our framework by including vibrotactile feedback rendered using a commercial vibration motor. The amplitude of the vibration and its frequency is determined by an input voltage (see Figure 5.16) which is controlled using an Arduino microcontroller. The communication with the Arduino is done via Bluetooth following the same principle of having a secondary thread in charge of the communication with external devices. We developed a Vibrotactile Source Component following the same design as the previous Electrotactile Source Component. The single voltage input parameter was abstracted as a normalized strength parameter that handles internally the voltage range accepted by the device.

Using the components presented earlier, Figure 5.17 provides an example where we authored a dynamic vibrotactile sensation whose vibration strength is determined by an external strength parameter. This last parameter is determined by the logic of the application and could be assigned, for example, to how strongly a virtual object is hit or to how fast a surface is being rubbed. 

Visualization, Testing & Debugging

Although having stimulator's log files is useful for debugging in case something does not go as intended, real-time feedback regarding the state of the stimulator and of the stimulation itself is useful for making sure commands delivered to the system are correct and executed at the right time. The real-time visual feedback comes in handy particularly for two reasons: firstly, it provides a mechanism to let us know how and how much has the stimulation changed and we can therefore judge whether the perceived tactile sensation has changed in the same way and with the same magnitude (matching visual to tactile stimuli). Secondly, when we are not the person wearing the electrotactile equipment, the real-time visual feedback provides a way to communicate what the person wearing the equipment might be feeling.

As mention in section 5.3, the Stimulator Manager provides feedback about the internal state of the device. The status of the device and its battery level GUIs are displayed using a non-VR camera i.e. it is displayed in a regular monitor but not shown using a headmounted-display (see Figure 5.18-a-b). We have decided to use color encoding to represent the most important parameters of the electrical stimulation. The hue of the color represents some intensity level. The hue goes from cyan to red passing by green, yellow and orange as it is common in many color maps used in heat maps. The actual intensity value that they represent depends on a visualization option. By default, the hue encoding represents the whole intensity range of the stimulator (from 0.1 mA to 9 mA). Other alternatives include user defined ranges such as the case of sensation/discomfort thresholds; sensation/optimal thresholds; subsensation/optimal thresholds, etc. The saturation of the color (how pale the color is) is used to encode the pulse width level. For this case, the lowest saturation color represents the device's minimum pulse width of 30µs and the maximum saturation represents its maximum of 500µs. The visualization of the pads is done using a circle surrounded by an outer ring. The outer ring always has the corresponding color determined by the intensity and pulse width of the pad whereas the inner circle alternate this color with white to produce a blinking effect. The blinking speed is proportional to the frequency of the stimulation. The device frequency range was remapped to a blinking frequency between 1 and 20 Hz. This max blinking speed was determined taking into account that using a faster blinking frequency was not easily perceivable. As pulses frequencies in the range of 100 and 200 Hz were the ones that we used the most, we mapped the visual frequency using an exponential curve to give a wider range to this interval (see Figure 5.19). 

Conclusion

In this chapter we have presented a framework for authoring tactile feedback within Unity. This framework, though focused mainly for exploiting electrotactile feedback, can be extended as well for general haptics as it was shown for the case of rendering vibrotactile feedback via a commercial vibrator motor. The presented modules covered an end-to-end authoring pipeline going through the definition of electrodes, calibration of intensities, definition of patterns and modulations and the linking of tactile sensations to applications events such as the collision of user's finger with a virtual object or a button press event.

In the next chapter we present a user study where we compared different modulations/patterns developed using this framework in order to evaluate how participants perceive them while interacting with VR objects. The use of electrotactile feedback in Virtual Reality (VR) has shown promising results for providing tactile information and sensations. While progress has been made to provide custom electrotactile feedback for specific interaction tasks, it remains unclear which modulations and rendering algorithms are preferred in rich interaction scenarios. In this chapter, we propose a unified tactile rendering architecture and explore the most promising modulations to render finger interactions in VR. Based on a literature review, we designed six electrotactile stimulation patterns/effects (EFXs) striving to render different tactile sensations. In a user study (N=18), we assessed the six EFXs in three diverse finger interactions: 1) tapping on a virtual object; 2) pressing down a virtual button; 3) sliding along a virtual surface. This chapter shows the importance of the coherence between the modulation an the interaction being performed and the study proved the versatility of electrotactile feedback and its efficiency in rendering different haptic information and sensations.

Motivation

In Virtual Reality (VR), a realistically reactive environment is necessary for inducing a plausibility illusion, and strengthen the sense of presence [Slater 2009]. Specifically, while interacting in VR, matching user's expectations increases the sense of presence [Skarbez et al. 2017] and the sense of agency [START_REF] Jeunet | Do you feel in control?": towards novel approaches to characterise, manipulate and measure the sense of agency in virtual environments[END_REF]. In this direction, the addition of kinesthetic and tactile feedback (haptic feedback) is paramount in naturalistic mid-air interactions [START_REF] Meli | Combining wearable finger haptics and augmented reality: User evaluation using an external camera and the microsoft hololens[END_REF][START_REF] Rakkolainen | Technologies for Multimodal Interaction in Extended Reality-A Scoping Review[END_REF]]. As such, the use of wearable devices has been widely explored as they provide a cost-effective solution to provide rich tactile feedback with a reduced form factor [De Tinguy et al. 2018;Pacchierotti et al. 2017;[START_REF] Scheggi | Touch the virtual reality: using the leap motion controller for hand tracking and wearable tactile devices for immersive haptic rendering[END_REF]Spagnoletti et al. 2018]. However, different devices can be required to provide rich tactile sensations and/or haptic information [START_REF] Augstein | A human-centered taxonomy of interaction modalities and devices[END_REF], which could also suffer from decreased portability and wearability [Choi et al. 2012;[START_REF] Maisto | Evaluation of wearable haptic systems for the fingers in augmented reality applications[END_REF]Pacchierotti et al. 2017].

Electrotactile feedback is capable of rendering and/or augmenting several tactile sensations (e.g., pressure, stiffness, slipperiness) and elicit multiple diverse perceptual processes pertinent to spatial, temporal, kinesthetic (e.g., directional motion), and textural (e.g., roughness) perception [START_REF] Kourtesis | Electrotactile feedback applications for hand and arm interactions: A systematic review, meta-analysis, and future directions[END_REF]. Electrotactile feedback directly stimulates the nerve endings of afferent nerves [He et al. 2016;Kajimoto et al. 2004a]. The diverse tactile sensations are rendered by manipulating the electrical properties such as the am-plitude, the frequency, and the pulse width of the electrical current [START_REF] Khurelbaatar | Tactile presentation to the back of a smartphone with simultaneous screen operation[END_REF][START_REF] Kourtesis | Electrotactile feedback applications for hand and arm interactions: A systematic review, meta-analysis, and future directions[END_REF][START_REF] Ward | Multi-channel electro-tactile feedback system for a prosthetic hand[END_REF].

While the studies from the relevant literature report that they have effectively rendered comparable haptic information (e.g., direction or speed), the mappings and architectures of the electrical stimulation substantially differ amongst them [START_REF] Kourtesis | Electrotactile feedback applications for hand and arm interactions: A systematic review, meta-analysis, and future directions[END_REF][START_REF] Zhou | Electrotactile Perception Properties and Its Applications: A Review[END_REF]]. As a result, there is a vast amount of different approaches that cannot be transferred to other applications and/or be further evaluated and compared for determining the suitability of each one. In VR, the interactions with the virtual enviroment are substantially diverse and they demand correspondingly diverse haptic requirements. Thus, the suitability of each electrotactile pattern has to be appraised in context of a certain interaction. Considering the shared electrical properties, we propose a taxonomy of the electrical stimulation mappings into larger groups (e.g., "families") that can be evaluated for specific interactions. Towards this direction, the study presented in this work examined how different electrotactile actuation parameters can be used to render different tactile sensations and how these are perceived while performing certain single bare-finger interactions in VR. Specifically, our contributions are:

-Proposed closed loop feedback architecture to design electrotactile effects (EFX).

-Design, evaluation, and comparison of 6 electrotactile effects for single bare finger interactions in VR. -Provided evidence that EFX suitability is proportional to their congruence with the interaction being performed in VR.

Electrotactile feedback has been extensively used in the field of biomedical engineering (prosthesis) [START_REF] Kourtesis | Electrotactile feedback applications for hand and arm interactions: A systematic review, meta-analysis, and future directions[END_REF]] mainly thanks to its wearability, but it has also been used, although not so extensively, in the field of teleoperation/telepresence [Pamungkas et al. 2013;[START_REF] Sagardia | VR-OOS: The DLR's virtual reality simulator for telerobotic on-orbit servicing with haptic feedback[END_REF][START_REF] Sato | Design and implementation of transmission system of initial haptic impression[END_REF] and VR [START_REF] Hummel | A lightweight electrotactile feedback device for grasp improvement in immersive virtual environments[END_REF]Pamungkas 2016;[START_REF] Vizcay | Electrotactile Feedback For Enhancing Contact Information in Virtual Reality[END_REF]Yem et al. 2018]. We appreciate the vast amount of mappings that have been proposed in the extensive literature. However, as reported in [START_REF] Kourtesis | Electrotactile feedback applications for hand and arm interactions: A systematic review, meta-analysis, and future directions[END_REF], most of the contemporary studies on electrotactile feedback pertained mainly to biomedical engineering applications, while only few works explored the potential of such feedback in VR. In the context of prostheses, electrodes are usually placed in the forearm, while the trigger of the sensation is the force applied by the fingertips. In contrast, in the case of VR, co-location of haptic feedback is crucial, since it affects the way that users interact with virtual objects [Swapp et al. 2006]. Nevertheless, [START_REF] Kourtesis | Electrotactile feedback applications for hand and arm interactions: A systematic review, meta-analysis, and future directions[END_REF] showed that the positive outcomes of electrotactile feedback were replicated across disciplines, and argued that several outcomes (e.g., feeling embodiment, texture, force, and speed rendering) observed in biomedical engineering would have an applicability in and impact on VR. Though, as mentioned above, solutions should proposed that are specific to VR and its requirements. The current study attempted to evaluate and compare the suitability of several electrotactile feedback patterns for three basic interaction types in VR, while the stimulation points were collocated with the contact points in the virtual environment.

Tactile Feedback Architecture & EFXs

This section provides a common definition of electrotactile effects (EFXs), as modulated by the current interaction state, i.e. contact dynamics between the user's visual representation (i.e., its avatar) and virtual objects. The objectives of such architecture are expressivity and flexibility, so as to support a wide range of interactions and leverage the potential of electrotactile feedback to generate rich tactile sensations. Indeed, electrotactile feedback enables a high level of customization at different levels, from the type of electrical stimulator and control signal, to the design, number, and placement of the electrodes. At the same time, we are also interested in rendering tactile sensations for mid-air finger interactions with virtual objects, which in turn brings additional complexity to the mapping of interactions with tactile sensations. Figure 6.1 presents the overview of our proposed closed loop architecture. Whenever the user touches a virtual object, the virtual contacts between the user's hand avatar and the virtual object are characterized by a set of interaction and object material properties. These properties are then mapped to a set of electrotactile feedback parameters, whose objective is to generate meaningful and coherent tactile feedback to the user. Figure 6.1 -Architecture of the closed-loop haptic feedback. Interaction data (force, speed, etc.) is combined with the object's material properties to determine the generalized tactile parameters (strength, speed, direction), which are in turn used as input to modulate the tactile electrotactile effects (EFXs). These effects encode the actual electrical parameters that, in our case, are delivered to the user via a 2x3 electrode at the fingertip.

In the following, we discuss the considered representative interactions, materials, electrotactile parameters, and authoring process, together with a description of our experimental setup and electrotactile system.

Interaction with Virtual Objects & Tactile Parameters

The interaction between the avatar and a virtual object generates a broad range of different data. We cluster this data into two categories: data pertinent to the interaction itself (interaction data) and data pertinent to the object being touched (material properties), which can be used to customize the tactile response. The position and velocity of the collision for each contact point between the user's hand and the object are examples of interaction data, whereas stiffness, roughness, and temperature of the object are examples of material properties. In an ideal pipeline, all this data would be transformed into a device-agnostic tactile response.

We propose a generic interface to intermediate between the data and the tactile response elicited by a haptic device. We named this interface tactile parameters and corresponds to the specification of the strength, speed, and direction of some tactile response. These parameters were chosen when we attempted to use qualifiers to describe generic tactile sensations. As an example, touching an extremely hot object would generate a strong tactile response; forcefully pushing an object would also generate a strong response; sliding the finger over a surface would generate a tactile sensation in the oppo-site direction to render friction; and interacting with any object that vibrates at a certain frequency/speed would generate a tactile response at an equal speed. To handle units and magnitudes in a consistent and uniform way, we treat these parameters as normalized, i.e. a strength of 1 represents the strongest sensation capable of being rendered by the haptic device, while a strength of 0 corresponds to the weakest one.

Given that the input space of data generated during an interaction is large and unknown beforehand, we delegate the mapping between the data and the tactile parameters to the designers of the interactions. They also need to identify which tactile parameters are going to be used to describe the targeted sensation and how they are going to leverage the available input data. As an example, imagine that we want to render the tactile sensation when the user rubs his hand along a virtual surface. In this scenario multiple interaction parameters can be considered. If we restrain ourselves to the speed of the user's motion, the speed could be mapped to the strength of the sensation. The faster the motion, the stronger the sensation. Furthermore, the material properties could also be used to enrich the tactile rendering. For example, the coupling between the speed and the roughness of the surface could be used to modulate the speed (e.g. frequency) of the sensation. The slower and the rougher the object the lower the frequency.

We followed this methodology of describing the target tactile response by strength, speed and direction in the design of our set of electrotactile responses.

Electrotactile Stimulation Parameters

In our target scenario, the type of tactile responses we want to generate are rendered using electrical stimulation. As mentioned before, the electrical signal used for rendering our target tactile sensations can be manipulated in multiple ways.

Amplitude: it corresponds to the intensity of the electrical current and is probably the most important parameter as it is directly linked to the strength of the sensation. As each individual perceives the intensity differently at different locations, a calibration is required to accurately define the range of intensities that are perceivable while not being painful.

Polarity: research suggests different polarity can target selectively different mechanoreceptors [Kajimoto et al. 2004a]. The perception of anodic stimulation is described as vibration whereas cathodic as vibration and pressure [START_REF] Khurelbaatar | Tactile presentation to the back of a smartphone with simultaneous screen operation[END_REF]. [START_REF] Kaczmarek | Electrotactile haptic display on the fingertips: Preliminary results[END_REF] reported that anodic stimulation is perceived as more localized and Yem et al. 2016 reported that the strength of the sensation does not increase in the same way. Biphasic stimulation is an alternative to the monopolar one and its use has been suggested as it prevents tissue damage [START_REF] Baker | Neuro muscular electrical stimulation: a practical guide[END_REF].

Waveform shape and frequency: squared pulses are the most common signal waveform for electrotactile stimulation. The width of these pulses (pulse width, PW) is also linked to the perceived strength of the sensation, but its contribution is lower with respect to the pulse amplitude [START_REF] Aiello | Multidimensional electrocutaneous stimulation[END_REF]]. Another parameter is the frequency of the pulses which has two effects: first, it (lightly) contributes to the strength of the sensation, and, second, it drives the speed of the perceived tingles [START_REF] Kaczmarek | Interaction of perceived frequency and intensity in fingertip electrotactile stimulation: Dissimilarity ratings and multidimensional scaling[END_REF].

Location and number of stimulation points: this is determined by the layout of the electrode and the number of channels available in the stimulator. Multiple contact points can be stimulated independently, making possible to render rich spatio-temporal patterns.

Electrotactile Effects

As seen in previous work presented in Section 2.3, we observe some common strategies used for rendering rich electrotactile sensations and these include the use of pulse width, intensity or frequency modulation, spatial encoding, use of spatio-temporal patterns or modulation of hyper-parameters such as the speed at which pads are being alternated in a pattern.

Based on these common strategies, we define as electrotactile effect (EFX) the set of values, modulations and mappings that drives the parameters of the electrical stimulation presented in Section 6.2.2. The objective of defining EFXs is to present an abstraction layer to electrotactile stimulation, able to hide the complexity of the underlying control, focusing only on the rendered sensation and effect with respect to the user. Inspired by the literature [START_REF] Kourtesis | Electrotactile feedback applications for hand and arm interactions: A systematic review, meta-analysis, and future directions[END_REF][START_REF] Zhou | Electrotactile Perception Properties and Its Applications: A Review[END_REF], we present the implementation of six common and distinguishable effects to render interactions with virtual and remote environments. This list obtained from preliminary testing, though not exhaustive, covers a wide range of modulations and activation patterns. The implementations suggested here are examples and they are easily adapted if a different stimulator or electrode layout is used, i.e. the sensation rendered by an EFX should still be described in a similar way.

EFXs are intended to be triggered once the contact between the fingertip and the virtual object is established and the stimulation should stay on until the contact breaks. We propose the following list of EFXs:

Constant (Fig 6.2.a). Its sensation is always the same regardless of user's interaction. It activates a central pad of the electrode with a fixed set of electrotactile stimulation parameters: pulse width of 150 µs, pulse frequency of 100 Hz, and amplitude set to the participant's optimal threshold for that pad (see Section 6.3.2.2).

Intensity (Fig 6.2.b). The intensity of the sensation changes based on the user's interaction. It activates the same pad as the constant EFX, but the intensity of the sensation is controlled by the strength parameter which modulates the pulse width in a linear way between [100 -200] µs. The pulse frequency and amplitude are the same as for constant EFX.

Spread (Fig 6.2.c). The number of stimulating points is controlled by the user's interaction. The number of active pads changes based on the strength parameter. Pads are incrementally added outwards, starting from the central bottom pad, until the 6 pads are active at the same time. To smooth the discrete increment/decrement of pads, they are added/removed by interpolating the amplitude of the stimulation between the sensation and optimal thresholds. The pulse width and frequency are the same as for constant EFX.

Clockwise (Fig 6.2.d). This is a spatio-temporal pattern whose speed is controlled by the user's interaction. The pads are activated following a clockwise pattern. The speed of the pattern is modulated linearly between [2][START_REF] Isaković | Optimization of semiautomated calibration algorithm of multichannel electrotactile feedback for myoelectric hand prosthesis[END_REF][4][5][6][7][8][9][10] Hz and is determined by the speed parameter. The pulse width, frequency and amplitude are the same as for constant EFX.

Directional (Fig 6.2.e). It renders a horizontal moving sensation controlled by the user's interaction. The pads activation reacts to changes to the direction parameter (between -1 and 1) to switch between activations with active pads towards the left or right side of the electrode. Additionally to the change of activation, the pulse width of the active pads is also modulated between [100 -200] µs based on the strength parameter.

Random (Fig 6.2.f). It renders noise by not following any activation order. It uses the same base configuration of the clockwise EFX but, instead of following a fixed clockwise activation order, at every pattern's cycle a random pad is selected. 

Tasks & Interaction Data

Even though our architecture supports the integration of material properties into the tactile response, this study is focused on the interactions in VR. In this direction, we characterized the interactions that can be done with a single finger to test our closed loop feedback architecture, proposing the following representative tasks: tap the top surface of an object (see Figure 6.3), press down a button (see Figure 6.4), and slide horizontally across a surface (see Figure 6.5). For all these tasks, a "physical" virtual hand (represented by the visual avatar) follows a god-object method [START_REF] Jacobs | A generalized god-object method for plausible finger-based interactions in virtual environments[END_REF] when interacting with the virtual objects, ensuring that the virtual hand do not interpenetrate virtual objects as this increases the realism of the interactions with the virtual environment.

The following interaction data was used to drive the strength, speed, and direction of the tactile response.

Interpenetration during tapping: interpenetration of the real fingertip inside the virtual object's surface representing how strongly the object has been tapped. 

Compression (or force) during pressing: compression level of the button, rep-

resenting how much force is being applied to the button. Velocity during sliding: fingertip velocity during the horizontal sliding action across the object's surface, representing how fast and in which direction the finger is being slid. We mapped the finger interpenetration, the button compression level, and the sliding speed to both the strength and speed of the tactile response we wanted to elicit. For the Figure 6.5 -Slide interaction displaying the finger's horizontal velocity.

sliding interaction, we also mapped the finger direction to the directional parameter of the tactile response. The details of how these values (the interaction data) are computed and how they are mapped to the tactile parameters are specified in subsubsection 6.3.2.1. Once these values are provided, the EFXs will produce electrotactile feedback that reacts accordingly to changes in them.

User Study

This section describes the evaluation used to compare the coherence of the EFXs i.e. how much they match the user's expectations given the interaction being performed (tap, press, or slide). In this experiment, we are not aiming at rendering different material properties, but rather types of interactions on generic materials. In this way, participants can discern more easily between EFXs based on how they are interacting with the object and not on how the surface should be perceived. Throughout the experiment, we tried to limit any type of visual information that might hint at the material properties of the objects by using a flat gray color on them. Our objective is to analyze which EFX(s) best meets the user's expectations with respect to the considered interactions in VR.

Participants

A total of 18 participants were recruited through an in-campus advertisement, including 4 women and 14 men (age 20-35 years old), from which 15 had previous experience using haptic interfaces and 10 had already experienced electrotactile stimulation. Participants were informed of the purpose of the experiment and the general tasks they will need to perform. Following a within-subject experiment design, all participants were exposed to all six EFXs.

Apparatus

The experimental setup was composed of the electrotactile system described in Section 3.3 and shown in Figure 6.6. The stimulator was attached to the forearm using an armband and the electrode was held in contact with the fingertip using Velcro, so as to ensure a stable contact throughout the experiment. We used a HTC VIVE Pro head-mounteddisplay and tracker to immerse the user into the virtual environment and track the position of their dominant hand. The VR application was built using the Unity3D in conjunction with the SteamVR SDK to handle the tracking and simulate the collisions. Furthermore, the bmlTux library [START_REF] Bebko | bmlTUX: Design and control of experiments in virtual reality and beyond[END_REF]] was used to define the design of the experiment (trials, repetitions, randomization). Participants interacted with the system using only their avatar's fingertip. Visual instructions were displayed in a virtual monitor in front of them. Participants were able to choose the avatar for their virtual hand based on gender and their dominant hand. We asked participants to keep the virtual hand posture during the interactions. The god-hand method was used to ensure that the virtual hand do not interpenetrate virtual objects. This was achieved by using a set of colliders that their position corresponds to the morphology of the displayed virtual hand avatar.

Interaction Data Processing

The finger interpenetration, following the god-object rendering method [START_REF] Jacobs | A generalized god-object method for plausible finger-based interactions in virtual environments[END_REF], was calculated as the offset between the visual representation of the fingertip, constrained on the surface of the object, and the true position of the fingertip obtained from the optical tracker (see offset between the solid and transparent hands in Figure 6.3). As pilot experiments determined that users rarely experience a finger-object interpenetration larger than 5 cm, we set the range of interpenetration to [0, 5] cm, i.e., a finger interpenetration of 0 cm produces no sensation while a finger interpenetration of 5 cm (or more) during tapping produce the strongest and fastest possible tactile response.

The compression of the button was calculated as the offset between the current position of the button and its resting position (see offset between the solid and transparent button in Figure 6.4). The button was designed to be compressed in the range [0, 5] cm. The button was modelled as a spring with elastic constant K=500 N/m and damping coefficient B=10 kg/s. The rigidbody to which it was attached had a mass M=50 kg. These values produced a good resistive force when pressed down using a god-object hand.

The finger sliding velocity was calculated as the velocity of the tracker projected into a vector describing the horizontal axis of the surface (see Figure 6.5). Pilot experiments determined [0, 1.1] m/s as the common range of interest, meaning that the strongest and fastest tactile response is reached when finger's speed reaches 1.1 m/s.

Electrotactile Calibration

The intensity of the electrical stimulation needs to be adjusted to ensure that is well perceived but also not unpleasant. The following calibration procedure was used: for each of the six electrotactile pads on the fingertip (see Fig. 6.6), we asked users to identify their sensation threshold, i.e., the weakest perceivable stimulus, and the optimal threshold, which we defined as the maximum comfortable intensity, i.e., the strongest stimulus before it becomes uncomfortable. For safety reasons, we let the users control the delivered stimulation by dragging a slider by themselves (with no abrupt changes), so as to find these thresholds quickly without risking to deliver an uncomfortable stimulus.

As an additional confirmation step, once the two thresholds are set, we asked users to press on six virtual buttons in a VR environment. Each button activates one of the six electrode's pads, driving the delivered stimulus intensity from the lower sensation threshold (i.e., when the button is just pressed) to the optimal (maximum comfortable) threshold (i.e., when the button is fully pressed by the user). Doing so, users have the chance of testing the full range of intensity sensations they will be provided during the experiment. Users should perceive the same range of intensity sensation across the different pads, i.e., the only thing that should change when interacting with the six objects is the location of the stimulation. If this is not the case, users can re-adjust their threshold levels, until they are satisfied and ready to proceed with the experimentation.

Experimental Tasks & Hypotheses

Participants were asked to perform the three interaction tasks, tap, press, and slide, under two evaluation modalities, scoring and ranking. In the scoring modality, participants performed the three tasks on an individual object in front of them and, after exposure to a certain EFX, they scored it for the given task by using a scale from 1 to 7, evaluating how coherent was the tactile sensation with respect to their actions (1: completely dissociated; 7: completely coherent). In the ranking modality, participants had six copies of the interactable object in front of them, each of them rendered with one of the EFXs. Participants were asked to rank the interactable objects according to how coherent was the rendered tactile sensation with respect to their actions. During both evaluations, participants could interact with the objects how many times and in which way they preferred.

Inspired from previous work and our experience with electrotactile feedback, we propose the following hypotheses for each of the considered tasks:

-[H1] For the tapping tasks, no specific EFX will be preferred as the duration of contact is too short. Contact transient feedback will be the key in this tactile response, which is supported by all EFXs. -[H2] For the pressing task, force information will be the most important, thus EFXs which modulate the perceived intensity (intensity, spread, and directional EFXs) will be preferred. -[H3] For the sliding tasks, directional feedback will be most important, thus the directional EFX, which is modulated based on the finger direction and speed motion, will be preferred.

Results

Calibration Intensities

To ensure that EFXs are perceived correctly throughout the experiment, we asked participants to confirm intensities were still valid. This second calibration was done in between of the scoring trials. The intensities obtained for each calibration (first and second), for each threshold (sensation and optimal), for each pad (pad 1 to 6) are shown in Fig. 6.7. Differences in the sensation threshold were analysed using 1-way repeated measures ANOVA having the calibration part as explanatory variable. The sphericity and normality of the residuals assumptions were verified and met. All six pad presented significant differences between the two calibrations. All p-values were < .001 and the effect sizes ω 2 were all in the range [0.07, 0.15] 95% CI[0, 1] suggesting a medium to large effect size.

The residuals of the optimal threshold were not normally distributed so we performed a non-parametric paired samples Wilcoxon test between the values obtained in the first and second calibration. All pads presented significant differences with p-values < .03 except for pad 3 which resulted non-significant with p = .08. 

Pressing Task

There were multiple significant differences. We report here the most significant per EFX.

The full list of significant differences between pair of EFXs can be seen in Fig. 6.9. the comparison between directional and the constant EFXs yielded (g = 1.35, p = 0.007); the clockwise vs random EFX yielded (g = 1.02, p = 0.003); and the intensity vs constant EFX yielded (g = 0.96, p = 0.03). All significance comparisons shown in Fig. 6.9 obtained a Hedges' g above 0.96, indicating a large effect size between EFXs. 

Sliding Task

Multiple significant differences were found. We include here the most significant per EFX.

The full list of significant differences between pair of EFXs can be seen in Fig. 6.10. The directional vs random yielded (g = 1.23, p < .001) and the clockwise vs constant yielded (g = 1.07, p = .02). Most of the differences shown in Fig. 6.10 obtained a Hedges' g above 1.07 except for the comparison directional vs intensity (g = 0.51, p = .006) and the comparison clockwise vs intensity (g = 0.23, p = .02). 

EFXs Ranking

The ranking frequency for the tapping interaction can be seen in Fig. 6.11; Fig. 6.12 shows the ranking frequency for pressing; and Fig. 6.13 for the sliding interaction. Reddish stacked bars are used for the frequency of an EFX being chosen as 1st, 2nd and 3rd best EFX while bluish for 1st, 2nd and 3rd worst. We assigned -5, -3, -1, 1, 3, 5 points based on the ranking placement (from worst to best) and these were compared using a non-parametric Friedman test. Friedman results yielded no significant differences for tapping (χ 2 (5) = 7.81, p = .17); but significant for pressing (χ 2 (5) = 14.73, p = .01); and for sliding (χ 2 (5) = 13.56, p = .02).

Posthoc Durbin-Conover pairwise comparisons were carried out for pressing and sliding. For pressing, comparisons between directional, clockwise and intensity against spread and random EFXs all obtained p < .03 while for sliding, comparisons between directional and clockwise against constant, intensity and spread EFXs obtained p < .03. 

Discussion

The goal of the experiment was to investigate which tactile rendering modulation/patterns are better perceived and more effective for each of the selected user-object interactions.

For the tapping task, in agreement with [H1], we did not find a clear winner EFX. We only see a slight preference for the directional EFX when compared to the spread and random EFXs. The directional EFX behaves similarly to the intensity EFX when there is no directional data (tapping and pressing tasks) with the exception that activates two central pads rather that one (see Fig. 6.2-e). When there is no directional motion, the directional EFX only modulates the strength of the sensation. We may theorize that participants scored the spread EFX badly because it elicits a strong sensation (all pads active at the same time), which might be unpleasant (especially at lateral pads where the finger seems to be more sensitive). This is supported by the verbal feedback we received from some participants, in addition to a slight score drop observed after the intensities were increased during the second calibration. Moreover, we believe that participants disliked the random EFX due to the noisy location offset perceived every time the object is being tapped. The ranking data is in full agreement with the score and gives a similar conclusion by also not finding any significant preference but, again, the directional EFX is found within the highest ranked.

For the pressing task, in line with [H2], we see the directional and intensity EFXs to be within the best scored EFXs. However, in disagreement with [H2], we also found the spread EFX to be one of the worst. We suggest the same reason described above (sensation is too strong), which is in this case even more pronounced given that the pressing interaction last longer and allows for more exploration when trying to fully compress the button. We also found the clockwise as one of the preferred EFXs, which was not envisaged in our hypothesis. We may theorize that participants found the modulation of the pattern's speed in conjunction with the activation sequence to be a good mechanism to inform about the state of the interaction, i.e., the compression of the button for this case. We remark that clockwise and random EFXs share the same modulation technique (changing the speed of the activation) and they only differ in how to determine the next pad to activate. The low score obtained by the random EFX tells us that the modulation alone was not the reason of the success of the clockwise EFX. As expected, the best EFXs based on the coherence score match the best EFXs based on the ranking.

For the sliding task, in accordance with [H3], we see the directional EFX as a clear 123 winner, with a significant higher score than all other EFXs. The only exception is with respect to the clockwise EFX, which still performs worse than the directional EFX but of a lesser extent. This is of no surprise, as the directional EFX is the only EFX that uses the direction data from the interaction. What is surprising, though, is the fact that the clockwise EFX was also scored well, even though the direction of the pattern is predefined and does not react to the changes in the sliding direction. Moreover, when taking the ranking data into account, we do not only see the directional and clockwise EFXs as suitable EFXs, but also the random EFX, although at a lower degree. This highlights the importance of rendering a moving sensation during sliding interactions, even when the moving direction of the sensation does not match the direction of the finger's movement. Participants verbally reported that moving EFXs were perceived coherently while sliding their finger, despite the direction mismatch, as the moving sensation was perceived as roughness.

In overall, we appreciate from all three tasks that the directional EFX is consistently the best and that can be used in multiple scenarios, which is expected as it is a richer EFX leveraging additional input when this is available. For cases when there is no directional information, we believe that directional EFX outperformed intensity EFX, as using two pads instead of one could have helped participants perceiving the modulation without eliciting any extra discomfort. We also believe that clear symbolic spatial information, as in the case of the clockwise EFX, might be easily perceived by participants and they might have relied more on it. Regarding the low score obtained by the spread EFX, which was attributed to the strength of the sensation being too strong when multiple pads are active, we believe adding a decreasing pulse width modulation could help compensating the added strength, making the EFX encoding solely spatial information for the area of contact.

Finally, we would like to remark the importance of assuring the consistency and quality of the feedback over time. As seen in the analysis of the calibration of the intensities, the perception of the feedback decreases over time and re-calibrations are needed along the experiment. Feedback decreases either by feedback familiarization or other factors, such as perspiration or quality of contact with the skin [START_REF] Kourtesis | Electrotactile feedback applications for hand and arm interactions: A systematic review, meta-analysis, and future directions[END_REF]. Calibration is an open issue of the technology and some efforts have been done in order to automatize this process [START_REF] Isaković | Optimization of semiautomated calibration algorithm of multichannel electrotactile feedback for myoelectric hand prosthesis[END_REF]].

Conclusion

In this chapter we presented a unified architecture for rendering tactile sensations via electrotactile feedback. We reviewed the most common electrotactile modulations, patterns and effects, highlighting the lack of holistic approach when designing electrotactile effects in VR. Based on our analysis, we proposed six representative implementations leveraging electrotactile feedback in order to render tactile sensations during common finger-based interactions in VR. We conducted a user study evaluating the coherence of the proposed EFXs by means of subjective scoring and direct comparison via ranking. Our study found no preference during fast and short interactions (tapping); a preference for EFXs that render either dynamic intensities or spatio-temporal information during continuous pressing interactions (pressing) and a preference for EFXs that render moving sensations during lateral exploration (sliding). Our findings highlight the utility of the proposed rendering pipeline for designing diverse EFXs, as well as the versatility of electrotactile feedback and its efficiency in rendering different haptic information and tactile sensations.

However, this work presents a number of limitations which would merit further research. First, the proposed architecture accounts for a wider variety of interaction parameters others than strength, speed and direction. Second, further experiments should include EFXs based on pulse frequency modulation or changes to the polarity of the signal. Although we tried to include in our comparison as many distinct and unique EFXs as we could, it was impossible to cover all potential modulations in a single study. Changes in polarity were not explored due to hardware limitations whereas pulse frequency modulation was intentionally left out from the experiment as we believe it is a good candidate to render material properties (e.g. roughness) and the focus of the evaluation was centered on the user's interaction.

Despite the highlighted limitations, we believe that the proposed architecture and insights on electrotactile feedback pave the way towards an holistic tactile rendering approach to render rich tactile sensations in virtual reality.

CONCLUSION

In this manuscript, entitled "Contributions to the use of Electrotactile Feedback in Hand-based Interactions in Virtual Reality", we focused on the use of electrical stimulation to render tactile sensations while performing hand interactions in virtual reality. Our goal was to enhance hand interactions in VR by using electrotactile feedback since it is a promising technology thanks to its high actuator density and overall wearability compared to other solutions. We addressed several axes of research regarding the use of electrotactile feedback. The first one being its use to increase interaction's precision and accuracy when touching virtual objects in a steady and precise way. The second addressing the time needed to calibrate the intensity of the feedback while being immersive in VR. The third axis was related to aiding VR developers augmenting interactions with electrotactile tactile feedback by providing them tools for authoring custom electrotactile sensations. The last one was in the axis of perception of the feedback while performing common single finger interactions in VR.

In the rest of this chapter, we summarize our contributions and provide short, medium and long term perspectives for the development and use of electrical stimulation as a way to render tactile sensations.

In Chapter 3, we designed an electrotactile rendering algorithm to enhance contact information with virtual objects. The rendering algorithm informs the users about the interpenetration of their fingers into the virtual object by modulating the pulse width and frequency of the stimulation. The feedback was designed to render a dynamic tactile sensation whose perceived intensity and speed increase as the participant's finger interpenetrates more and more the virtual object. We evaluated this rendering algorithm by comparing the precision and accuracy of the contact under four different modalities: no interpenetration feedback at all; use of electrotactile feedback for finger interpenetration; use of visual feedback to report finger interpenetration; and the use of the combination of both. We analyzed the contribution in performance of each feedback modality in a user study and it showed that adding finger interpenetration feedback (either visual or electrotactile) increased the accuracy and precision of the contact. Moreover, the performance achieved using electrotactile feedback was comparable to the one obtained using only visual feedback for interpenetration. Finally, the combination of both turned out to increase the performance even more.

In Chapter 4, based on what we observed during our first experiment, we explored an interaction technique to accelerate the process of feedback calibration. We proposed to perform the calibration of the intensity while in VR by dragging a 3D slider. The interaction is performed using the participant's finger with no need of holding any VR controller nor pressing any physical button. Holding a VR controller might be undesired while wearing haptic devices and other VR equipment. Moreover, pressing physical buttons might be difficult when wearing a VR headset and the contact with the button may affect the quality of the contact between the skin and the electrode. The proposed interaction provides the user full control over the process, without having to rely on an experimenter which is sub-optimal as there is a communication delay. The VR interaction was designed with safety in mind, not letting the user input high values by mistake. In our user study, we evaluated the proposed technique with a traditional calibration method where users press some physical buttons to increase/decrease the intensity. Our results showed that using our technique, participants were capable of choosing precisely the same values but they needed less time to perform the calibration.

In Chapter 5, motivated by exploring and comparing a variety of sensations, we proposed a framework that supports the authoring and rendering of electrotactile feedback. The presented framework covers an end-to-end tactile pipeline offering tools to specify agnostic/generic electrodes, mappings to use for any type of modulation, and ways to specify spatio-temporal patterns. All of this while also taking care of the underline complexity of writing device specific commands and the communication with the actual stimulator. The proposed framework does not only aid developers authoring tactile sensations but also helps general VR developers to augment their applications with tactile feedback by using a simple and abstract interface where they can request the rendering of tactile sensations based on the needs of the application they are developing.

Finally, in Chapter 6, we surveyed common electrotactile modulations and patterns which we call effects and making use of our previous framework. We designed and implemented six representative and distinguishable effects striving to render different tactile sensations in a user study where we evaluated how coherent they are perceived when performing three common single finger interactions in VR. The three tasks we studied were: tapping an object, pressing down a button and sliding a finger horizontally on a surface. The evaluation included a per effect subjective score and a direct comparison between them via ranking. Our results could not find any particular preference for fast and short interactions such as tapping an object but there were some preferences for some effects when performing longer interactions. For the case of pressing down a button, our results showed a preference for effects that render dynamic intensities or clear spatio-temporal information whereas for the case of sliding a finger, there was a clear preference for effects that render moving sensations. This study also highlighted the versatility of the technology and how efficient it is for rendering rich tactile sensations.

Overall, our contributions addressed open challenges related to perception of the feedback in VR and its usefulness in VR interactions, the complexity of authoring the feedback, and the calibration of the feedback intensity while immersed in VR.

Future Work

This section addresses the limitations of the contributions presented in this manuscript and suggests possible directions of improvements that could be investigated as future work.

Electrotactile Feedback for Precise Contact in VR

• Precise finger tracking. In this user study, we asked participants to keep contact with the virtual object having a fixed hand pose (following the pose of the avatar).

We used a VIVE tracker mounted at the dorsal of the hand to infer the actual position of the fingertip. Future work should attempt to replicate the experimental findings using precise finger tracking capabilities.

• Interaction with dynamic objects. The virtual object that participants had to interact with, was set to be static and rigid, i.e. it stayed always in a fixed position and it was not deformable. Future work should investigate the benefits of electrotactile feedback for improving contact considering moving and soft objects. We suggest as a potential experimental task to ask participants to push dynamic objects, while controlling the magnitude of the applied force.

• Increase task complexity with multi-finger interaction. This study investigated the precision and accuracy of the contact, by means of measuring the finger interpenetration. The experimental task consisted of keeping a steady pose while resting the finger on top of the virtual surface. In this regard, future work should attempt to evaluate the benefits of using electrotactile feedback for precise and accurate contact while performing more complex tasks, such as pinch-grasping small virtual objects.

• Comparison with other devices. In our evaluation, we used visual feedback to inform participants their finger interpenetration as baseline. Future work should compare the use of electrotactile feedback to different baselines, such as the use of a different haptic feedback modality (rendering of pressure or vibration) informing participants their finger interpenetration.

3D Interaction for Fast & Precise Intensity Calibration in VR

• Use of press and hold under keyboard baseline. The desktop-based calibration method using a keyboard required participants to trigger multiple key presses to increase/decrease the intensity of the feedback. Press and hold is a common alternative input method when multiple key press events need to be sent. Press and hold, though faster than pressing a key multiple times, is less precise when trying to control how many input events are sent to the system. Future work should attempt to replicate the experimental findings when using as baseline this alternative keyboard input method.

• Explore other 3D interactions for calibration. In this user study, we asked participants to calibrate the intensity of the feedback by determining their sensation and discomfort thresholds. In our evaluation, we used a desktop-based calibration method using a traditional keyboard as baseline. Future work should compare our calibration method where we use a 3D slider in VR against different baselines, such as the use of different mid-air interactions. An example of another mid-air interaction could be asking participants to press virtual buttons to increase/decrease the intensity of the feedback.

Electrotactile Effects (EFXs) to Augment Finger Interactions in VR

• Additional EFXs. In this user study, we evaluated the coherence of six different techniques to render electrotactile feedback with respect to participants expectations when performing finger interactions in VR. Constrained by the capabilities of our electrical stimulator and the length of the experiment, two types of rendering technique were left out: change of polarity of the stimulation and frequency modulation. Future work should investigate the coherence of this additional rendering techniques with respect to ones that were already evaluated.

• Increase task complexity with multi-finger interaction. The coherence of the feedback was evaluated with respect to the expectation of the participants when performing single finger interactions in VR. Future work should investigate, following a similar approach, the coherence of the feedback when performing more complex multi-finger interactions (such as grasping) in VR.

• Study realism of electrotactile feedback. Future work should also investigate the coherence of the feedback with respect to the real sensations that are elicited when interacting with real world objects.

Long-term Perspectives Haptic Technology: Popularization of Wearable Haptics

In spite of its significant progress, the incorporation of haptics into VR is still in its infancy mostly due to the limitations in hardware, the cost of development, and the level of reality they provide [El Saddik 2007]. The technology is becoming smaller and more accessible. The wearability of haptic devices is a key component for their effective implementation in VR [START_REF] Maisto | Evaluation of wearable haptic systems for the fingers in augmented reality applications[END_REF]Pacchierotti et al. 2017]. In Section 2.1. Electrotactile Feedback: Work on Calibration to be a Well Adopted

Commercial Solution

Electrotactile feedback is not ready yet to be used in a commercial product intended to be available to the masses. Although it presents many features that are ideal for the manufacturing of wearable technology, it presents the important drawback of feedback calibration (i.e. it can not be used yet as "plug and play"). The calibration of the intensity is needed to ensure the perception of the feedback and to avoid unpleasant sensation [Kaczmarek et al. 1991b]. As mentioned in Cordon et al. 2012, individual differences regarding the perception of the intensity are so large that the electrotactile system should be made personalized. In addition, as seen in all our previous users studies, participants had to readjust the intensity in order to ensure the intensity is perceived as strong as before. [START_REF] Kajimoto | Electro-tactile display with real-time impedance feedback[END_REF][START_REF] Akhtar | Controlling sensation intensity for electrotactile stimulation in human-machine interfaces[END_REF] have tried to provide a more stable feedback by incorporating impedance measurement but this does not account for other sources of changes in perception, such as nerve adaptation to the stimulus [START_REF] Rahimi | Adaptive spatial mapping of electro-tactile threshold based on subdivision bio-impedance feedback[END_REF] or receptor fatigue [Rahimi et al. 2019a]. In any case, the calibration of systems with a higher number of pads still remains an open research question as each of them needs to be calibrated individually as the skin has a spatial variation of thresholds [START_REF] Rahimi | Adaptive spatial mapping of electro-tactile threshold based on subdivision bio-impedance feedback[END_REF] and the rates of the impedance changes are different for each part of the skin [Rahimi et al. 2019a]. [START_REF] Malešević | Electrotactile Communication via Matrix Electrode Placed on the Torso Using Fast Calibration, and Static vs. Dynamic Encoding[END_REF] proposed a fast-calibration method that uses semi-automated initialization of pads based on the calibration of fewer of them, but this method still requires manual adjustment and validation. The use of high density electrodes is quite common and is one of the advantages of the technology. Having a single pad not rendering the right sensation might break the overall sensation of a spatio-temporal pattern.

Electrotactile Feedback: Work on its Perceptual Aspect in VR

Electrotactile feedback has a lot of potential for transmitting information via spatial encoding or by the modulation of one of the parameters of the electrical signal. In general, electrotactile feedback is a good solution for presenting symbolic information. I would argue is not so good at rendering realistic sensations, as I would not describe it as the sensation that is perceived when interacting with everyday objects. The previous limitation is not unique to electrotactile feedback but to current haptic interfaces in general, as Sato et al. 2010a mentioned: "Several haptic interfaces have been developed. However, these are not suitable for dexterous manipulation because of inadequate tactile feedback. The tactile display on conventional interfaces provides only a symbolic "contact" sensation of an object.". This is by no means a limitation regarding its applicability in VR as the perception of stimuli is done at the brain level by integration of different sensory modalities. There is a lot of potential guiding the brain by using proper visual/audio information as it has been shown in the use of pseudo-haptics [START_REF] Lécuyer | Simulating haptic feedback using vision: A survey of research and applications of pseudo-haptic feedback[END_REF]]. Moreover, Kajimoto et al. 2004a has done some groundwork providing insights how the technology can render sensations that are comparable to everyday tactile sensations but as stated in the introduction of this manuscript, more research needs to be carried out to have a deeper understanding of the perception of the feedback, specially when this is coupled with strong visual feedback provided by an immersive VR environment.

Final Thoughts

I would like finish this manuscript presenting the rest of the extract of John Carmack's comment on Virtual Reality and Haptics.

I am pessimistic about progress in haptics technology.

Almost all other areas I'm an optimist and I'm excited about what's coming up but I don't have any brilliant vision about how we are going to revolutionize haptics and make it feel like we're touching the things in the virtual world.

John Carmack, CTO of Oculus VR

Maybe we are very, very far from getting the correct haptic feedback when we touch things in VR, and electrotactile feedback may or may not be part of the final solution for rendering tactile sensations. There are still so many challenging issues in multiple topics, like precise and stable individual finger tracking, reducing the form factor of haptic interfaces, and better understanding of multisensory feedback integration. In any way, I am optimistic about the future of haptic technology and about the progress the community can make.

I hope the work conducted in this PhD contributes as a tiny step forward towards a better understanding of the technology and towards better interactions in VR. 

IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS

III

Dans tous les cas, nous constatons que de nombreux termes sont utilisés de manière approximative et que les définitions ne concordent pas toujours. C'est peut-être l'une des raisons pour lesquelles nous voyons d'autres termes émergents tels que RV interactive et RV immersive qui sont explicites quant à ce qui est mis en avant.

Jusqu'à présent, nous avons également utilisé ces termes de manière approximative. Si nous vérifions la définition actuelle de Immersion (réalité virtuelle) dans Wikipédia, nous pouvons constater que la définition fournie est la suivante : "c'est une perception d'être physiquement présent dans un monde non-physique" [Wikipedia 2022b]. Pour de nombreuses personnes de la communauté de la RV, la définition précédente correspond davantage à la définition de la présence. L'immersion et la présence sont parfois utilisées de manière interchangeable, mais je dirais que la définition la plus acceptée de l'immersion est celle fournie par Slater, i.e : "une propriété objective d'un système, et une immersion plus ou moins élevée étant la mesure dans laquelle un système RV peut soutenir les contingences sensorimotrices naturelles pour la perception, y compris la réponse à une action perceptive" [Slater 2009], c'est-à-dire que l'immersion fait référence à une caractéristique objective d'un système RV liée à la qualité et à la capacité de substituer les sensations du monde réel par des sensations correspondant à l'environnement virtuel. Par exemple, un casque de réalité virtuelle avec une plus grande résolution offre une meilleure immersion que d'autres avec une plus petite résolution lorsqu'on remplace les visuels réels entourant la personne par ceux de l'environnement virtuel. Alors que la présence est une caractéristique subjective liée à l'illusion d'être réellement à l'intérieur de l'environnement virtuel tout en sachant que vous ne l'êtes pas.

Il n'y a pas de doute que l'interaction et l'immersion ont été les piliers de la RV permettant à ce domaine de se développer et d'être incorporé dans de multiples domaines. Aujourd'hui, la RV a de multiples applications dans des domaines tels que l'architecture, l'éducation et la formation, l'ingénierie et la robotique, les soins de santé et la thérapie clinique, le divertissement (jeux vidéo, cinéma, etc.) et le patrimoine culturel et l'archéologie [Onyesolu et al. 2011].

Bien que nous soyons désormais capables de rendre des environnements virtuels magnifiques, notre façon d'interagir avec ces environnements virtuels n'a pas rattrapé les progrès réalisés dans le domaine de la visualisation [Hand 1997]. La réalité virtuelle n'a pas atteint le point où l'interaction avec les objets virtuels est suffisamment convaincante et certains diraient même qu'elle n'en est qu'à ses débuts.

Les interactions dans la RV sont généralement regroupées en trois catégories : naviga-IV tion, sélection et manipulation, et contrôle du système [START_REF] Jankowski | A survey of interaction techniques for interactive 3D environments[END_REF]. Nous nous appuyons généralement sur des métaphores pour effectuer des tâches de base [START_REF] Jankowski | A survey of interaction techniques for interactive 3D environments[END_REF], comme par exemple la tâche de nous déplacer dans l'espace, de saisir des objets et, en général, toute interaction complexe que nous effectuons sans effort dans la réalité en utilisant nos mains nues. 

Avatars & Sentiment d'Incarnation

Un moyen courant d'interagir avec l'environnement virtuel est en utilisant un avatar. Un avatar est une représentation visuelle de l'utilisateur dans le monde virtuel et il est également utilisé comme un moyen pour interagir avec l'environnement virtuel. Les avatars deviennent omniprésents dans les applications de RV [Dewez et al. 2021] et leur utilisation peut influencer la façon dont nous interagissons [START_REF] Kilteni | Drumming in immersive virtual reality: the body shapes the way we play[END_REF], et la façon dont nous vivons les choses [START_REF] Kilteni | The sense of embodiment in virtual reality[END_REF]] dans la RV.

Le sentiment d'incarnation est une caractéristique importante des avatars. [START_REF] Kilteni | The sense of embodiment in virtual reality[END_REF] définissent l'incarnation comme le sentiment qui émerge lorsque les propriétés d'un corps B (un avatar dans ce cas) sont traitées comme si elles étaient les propriétés de son propre corps biologique. Le sens de l'incarnation n'est pas seulement important dans la RV, il l'est aussi dans les domaines de la téléopération et de la prothétique [Nostadt et al. 2020] où, dans le premier cas, les utilisateurs ont besoin de faire fonctionner facilement une machine/un robot à distance et, dans le second, les amputés ont besoin d'utiliser un membre artificiel comme s'il s'agissait de la partie du corps manquante.

Le sentiment d'incarnation à un avatar peut être renforcé en fournissant un retour tactile et visuel cohérent et synchronisé. Cela a été démontré dans la célèbre illusion de la main en caoutchouc, communiqué à l'origine par Botvinick et Cohen en 1998, où la main réelle et la main en caoutchouc sont caressées au même moment et à la même vitesse, ce qui fait croire au cerveau que la main en caoutchouc fait partie de son corps [START_REF] Botvinick | Rubber hands 'feel'touch that eyes see[END_REF]].
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Retour Haptique

Comme l'a dit John Carmack dans l'interview, nous avons fait de grands progrès en matière de retour visuel, mais nous avons à peine "coché" les autres sens, notamment le sens du toucher.

Pour ceux qui ne connaissent pas le terme haptique, l'étymologie du mot haptique vient des mots grecs haptós qui signifie "palpable", et haptikós qui signifie "adapté au toucher" [Wikipedia 2022a]. Le terme haptiks a été inventé par le psychologue allemand Max Dessoir en 1892 et peut être interprété comme le domaine de recherche académique pour le sens du toucher, comme l'acoustique et l'optique le sont pour les sens de l'audition et de la vision respectivement [Grunwald et al. 2008].

Les sensations haptiques sont généralement négligées alors qu'il a été prouvé qu'elles augmentent la présence et l'immersion dans la RV [START_REF] Kim | A study on immersion and presence of a portable hand haptic system for immersive virtual reality[END_REF]]. L'absence de retour haptique dans les expériences VR entrave la manière dont les utilisateurs interagissent avec le système [START_REF] Meli | Combining wearable finger haptics and augmented reality: User evaluation using an external camera and the microsoft hololens[END_REF].

Les systèmes VR existants sont capables de rendre des retours visuels et auditifs réalistes, et cependant, ils rendent un retour haptique médiocre par rapport aux riches capacités sensorielles dont nous disposons [Dangxiao et al. 2019].

Lorsqu'elle est incorporée dans la RV, la façon la plus courante de mettre en oeuvre la sensation haptique est la vibration, comme cela a été fait dans les contrôleurs de consoles de jeux sous forme de "rumble packs", popularisé par Nintendo64 en 1997, et devenu maintenant un standard dans les systèmes de jeu modernes [START_REF] Morelli | Haptic Relay-Including Haptic Feedback in Online Video Game Streams[END_REF]]. Chaque fois que le système veut notifier à l'utilisateur un événement ou lui fournir une information, la manette tenue par l'utilisateur vibre selon un schéma spécifique, de la même manière que notre smartphone le fait lorsque nous recevons une notification. L'une des premières applications de la technologie haptique concernait les commandes des avions, où les pilotes ressentaient des vibrations lorsque l'avion s'approchait de zones de conditions de vol dangereuses [START_REF] Loftin | Quest for performance: The evolution of modern aircraft[END_REF]].

L'utilisation de moteurs vibrants ou de tout autre type de technologie utilisée dans l'actionneur est considérée comme une forme active de retour haptique (interfaces actives). Par ailleurs, le retour haptique peut également être fourni par des interfaces passives telles que des objets tangibles et des plateformes complètes reproduisant un environnement (voir la Voici quelques exemples de dispositifs commerciaux et non commerciaux appartenant à ces catégories : le PHANToM Omni, qui est un dispositif de retour de force à six degrés de liberté (DDL) ; le hRing, qui est un dispositif cutané portable qui transmet une force de cisaillement à la peau ou une pression en fonction du sens de rotation des moteurs ; et l'écran de table mobile ShapeShift qui transmet des informations spatiales par retour kinesthésique à l'aide de réseaux d'épingles (voir Figure A.7).

Un aspect important à prendre en compte dans la RV est la taille de l'espace de travail. L'espace de travail d'un dispositif fixe est limité par la longueur des liens du VIII Une autre solution consiste à utiliser des dispositifs haptiques de type rencontre (ETHD). Les ETHD sont des interfaces qui sont positionnées soit par un robot [START_REF] Mercado | Alfred: the haptic butler on-demand tangibles for object manipulation in virtual reality using an ethd[END_REF], soit par un humain [Cheng et al. 2017a], de manière à ce que l'effecteur ou la partie tangible de l'interface corresponde à la source de stimuli dans l'environnement virtuel. Un exemple de cette interface est l'Haptic-go-round [START_REF] Huang | Haptic-go-round: A surrounding platform for encounter-type haptics in virtual reality experiences[END_REF] Dans une catégorie différente des trois présentées précédemment, nous pouvons trouver des dispositifs haptiques sans contact (mid-air) qui ne nécessitent pas que les actionneurs soient en contact direct avec la peau (voir Figure A.9). Bien que les avantages de cette technologie soient que les utilisateurs n'ont pas besoin d'être attachés, de tenir ou de porter un système ou un dispositif [Howard et al. 2019], ils offrent généralement un petit espace de travail, ce qui oblige l'utilisateur à se trouver devant l'interface. Dans cette catégorie, nous pouvons trouver l'utilisation d'anneaux de tourbillons d'air qui sont une version focalisée de jets d'air [Gupta et al. 2013]. Les anneaux de tourbillon d'air sont générés à l'aide d'ondes sonores émises par un haut-parleur. De même, l'ultra-haptique, qui utilise les ultrasons, est une technologie plus précise qui suit le même principe, mais qui est également capable de stimuler plusieurs points à la fois [START_REF] Carter | UltraHaptics: multi-point mid-air haptic feedback for touch surfaces[END_REF]].

L'haptique portable ne se limite pas à une utilisation au niveau du doigt. La technologie portable peut également être utilisée sur toute autre partie du corps. Par exemple, dans X Comme nous pouvons le constater, il existe une grande variété d'interfaces haptiques et chacune d'entre elles a ses avantages et ses inconvénients. Nous pouvons comprendre qu'il y a toujours un compromis entre les caractéristiques. Par exemple, les dispositifs portables offrent le confort et la mobilité nécessaires à la RV interactive, mais ils sont généralement incapables de fournir un retour kinesthésique fort. De la même manière, l'haptique sans contact ne nécessite pas aux utilisateurs de porter ou tenir quoi que ce soit, mais elle souffre d'un espace de travail limité.

La situation est similaire en ce qui concerne les technologies de les actionneur : broches statiques ou vibrantes, moteurs vibrants, ultrasons focalisés, ondes acoustiques de surface, actionneurs pneumatiques linéaires/rotatifs, stimulation électrique, entre autres [Chouvardas et al. 2008]. Certains actionneurs sont plus grands que d'autres, ce qui limite le nombre d'actionneurs pouvant être intégrés dans un dispositif portable ; d'autres sont coûteux à produire ou consomment trop d'énergie ; d'autres encore ne procurent pas de riches sensations tactiles ou ne sont pas capables d'encoder une grande quantité d'informations ; et d'autres sont tout simplement bruyants.

Retour d'Information Électrotactile

Une solution prometteuse s'agit de l'utilisation de rendu électrotactile, qui consiste à utiliser une stimulation électrique pour rendre des sensations tactiles. Le rendu électrotactile est capable de restituer en temps réel des sensations tactiles riches et à haute résolution spatiale [START_REF] Lin | Super-resolution wearable electrotactile rendering system[END_REF]. Comme le rendu électrotactile ne repose pas sur des pièces mécaniques, cette technologie est également légère, bon marché et silencieuse [Pamungkas 2016].

Le rendu électrotactile fonctionne par stimulation directe des nerfs sensoriels sous la peau à l'aide d'un courant électrique fourni par une électrode placée à la surface de la peau [START_REF] Khurelbaatar | Tactile presentation to the back of a smartphone with simultaneous screen operation[END_REF]]. Le courant électrique provenant des électrodes de surface génère un champ électrique à l'intérieur de la peau, induisant une activité nerveuse, via la dépo-XII larisation des nerfs [Chouvardas et al. 2008].

TL'interaction entre l'électricité et le corps humain est connue depuis l'époque de Galvani et Volta et une variété de prothèses utilisant des électrodes implantées stimulant le système nerveux a été proposée depuis les années 70 [START_REF] Brummer | Electrical stimulation of the nervous system: the principle of safe charge injection with noble metal electrodes[END_REF].

La stimulation électrique a également été utilisée pour rendre le retour de force [START_REF] Lopes | Adding force feedback to mixed reality experiences and games using electrical muscle stimulation[END_REF]] en suscitant une contraction musculaire à l'aide d'impulsions électriques. Cette méthode de stimulation est généralement appelée stimulation musculaire électrique (SME). 

XIII

Bien qu'elle soit principalement appliquée au bout du doigt, le rendu électrotactile a également été appliqué avec succès à la langue, au dos et à l'avant-bras. La langue et le bout du doigt sont les parties du corps les plus sensibles à la stimulation électrique en termes de tension et de courant électrique nécessaire, tout en présentant une discrimination spatiale à haute résolution [START_REF] Tyler | Spatial mapping of electrotactile sensation threshold and intensity range on the human tongue: Initial results[END_REF].

Le rendu électrotactile est une technologie légère et portable capable de fournir des informations tactiles riches, son application la plus importante se situe dans le domaine des prothèses, dans la catégorie du contrôle des prothèses [START_REF] Kourtesis | Electrotactile feedback applications for hand and arm interactions: A systematic review, meta-analysis, and future directions[END_REF][START_REF] Zhou | Electrotactile Perception Properties and Its Applications: A Review[END_REF].

Malgré tous ses avantages, le retour électrotactile présente des inconvénients. L'un d'entre eux est qu'il peut provoquer des sensations désagréables si son intensité n'est pas correctement calibrée [Kaczmarek et al. 1991b]. Afin de s'assurer que l'intensité du rendu est proportionnelle aux besoins perceptifs de l'utilisateur (perceptible et non désagréable), il est courant de calibrer l'intensité à l'avance, mais ce processus prend du temps et nécessite des rééquilibrages au fil du temps.

En outre, bien que la structure physiologique de la peau ait été bien comprise et que la technologie soit capable de restituer des sensations tactiles riches habituellement perçues comme des picotements, des vibrations, des pressions [START_REF] Zhou | Electrotactile Perception Properties and Its Applications: A Review[END_REF]] ou ce que Kajimoto et al. 2004a[START_REF] Aiello | Multidimensional electrocutaneous stimulation[END_REF] ont appelé des "couleurs tactiles", l'aspect perceptif du retour d'information nécessite davantage de recherches car le mécanisme de la sensation sous un champ électrique n'est pas clair [START_REF] Zhou | Electrotactile Perception Properties and Its Applications: A Review[END_REF]. Comme Kaczmarek et al. 2017 l'ont mentionné, "il n'existe pas encore de nomenclature adéquate pour décrire les types de sensations provoquées par la stimulation électrotactile".

En ce qui concerne la littérature, nous avons également observé un manque d'études sur les utilisateurs avec une taille d'échantillon adéquate et un rapport sur les tailles d'effet, en particulier dans la RV, ce qui suggère que des recherches supplémentaires sont nécessaires pour élucider si la RV immersive bénéficie réellement de l'utilisation du rendu électrotactile.

Enfin, la création de ce rendu n'est pas triviale en raison du nombre de paramètres qui peuvent être personnalisés et de la familiarité que l'utilisateur doit avoir avec la technologie. Il faut en outre s'assurer que la sensation ne sera pas désagréable tout en restant cohérente avec les interactions en cours.

XIV

Question de Recherche et Contributions

Sur la base de ces questions ouvertes et de ces défis techniques, nous nous sommes posé la question de recherche suivante : comment pouvons-nous tirer parti du rendu électrotactile pour améliorer les interactions basées sur la main dans la RV ? Les interactions dans la RV peuvent être améliorées en proposant de nouvelles techniques d'interaction ou en améliorant le rendu d'information. Dans ce travail, nous nous sommes principalement concentrés sur la seconde solution, en utilisant la stimulation électrotactile comme mécanisme pour rendre le rendu d'information tactile.

Afin d'aborder les questions technologiques, nous avons décidé d'étudier d'abord le cas d'utilisation le plus simple: l'utilisation de la stimulation électrotactile pour le rendu des coordonnées, ou plus précisément, l'interpénétration du doigt dans l'objet virtuel lorsqu'il est touché. Par conséquent, notre première contribution C1 est l'évaluation de l'efficacité du rendu électrotactile pour aider les utilisateurs à toucher les objets virtuels avec précision et exactitude, car ce sont des étapes initiales importantes avant d'étudier des interactions plus complexes.

Au cours de cette première expérience, nous avons pris conscience de l'importance du calibrage de l'intensité et de sa difficulté, particulièrement quand on utilise plusieurs points de stimulation (coussinets) pour obtenir un retour plus riche. Le calibrage de plusieurs points de stimulation prend du temps, car chacun d'entre eux doit être calibré indépendamment pour garantir un retour indolore. En plus d'un calibrage plus rapide, nous voulions également que le processus soit entièrement réalisé par l'utilisateur sans intervention de l'expérimentateur afin de donner à l'utilisateur plus de contrôle sur les ajustements de l'intensité de la stimulation. De plus, nous voulions que ce processus soit réalisé dans la RV en utilisant une interaction directe avec le doigt tout en garantissant la précision et la sécurité. Ceci nous amène à notre deuxième contribution C2, où nous présentons une technique d'interaction 3D dans la RV pour un calibrage précis, sûr et rapide.

Dans notre troisième contribution C3, nous nous attaquons à la complexité de la création du rendu. Pour cela, nous avons développé un cadre pour la création de réponses tactiles en utilisant le rendu électrotactile comme exemple de réponses tactiles pouvant être conçues à l'aide de ce cadre. Ce cadre a deux objectifs principaux, le premier étant de fournir une couche d'abstraction aux détails techniques du rendu électrotactile et le second étant de fonctionner comme une bibliothèque agnostique. Le cadre développé a XV allégé le processus de création d'un rendu plus complexe utilisé dans les études futures.

Dans notre dernière contribution C4, nous avons abordé la question de la perception du renu électrotactile pendant les interactions dans la RV. Nous avons étudié différentes techniques de rendu et de modulation du retour électrotactile et nous avons évalué la cohérence de leur perception par les utilisateurs lorsqu'il leur est demandé de toucher et d'appuyer sur des objets virtuels et de faire glisser leurs doigts sur ceux-ci.

La Structure du Document

Ce manuscrit est organisé en 6 chapitres. Après cette introduction, nous présentons une étude de fond et l'état de l'art dans le chapitre 2, puis nous poursuivons avec le chapitre 3 où nous présentons une étude d'utilisateur où nous testons la viabilité du retour électrotactile pour un contact précis et exact dans la RV en utilisant le retour visuel comme base de référence. Ensuite, dans le chapitre 4, sur la base des observations faites lors de la première expérience, nous présentons une interaction RV pour accélérer les calibrages récurrents qui sont nécessaires lors de l'utilisation de cette technologie. Dans le chapitre 5, nous présentons une architecture du rendu en boucle fermée pour la création du rendu tactile en mettant l'accent sur la stimulation électrotactile. Puis, dans le chapitre 6, nous présentons une étude d'utilisateur dans laquelle nous avons évalué différentes modulations/techniques pour rendre le retour électrotactile pour des interactions courantes avec un seul doigt dans la RV. Enfin, nous concluons ce manuscrit en résumant nos résultats et en discutant les questions qui restent ouvertes et nous fournissons des orientations et des perspectives futures qui peuvent contribuer au développement de la technologie.

Cette thèse a été financée par le programme de recherche et d'innovation Horizon 2020 de l'Union européenne dans le cadre de la convention de subvention No. 856718 (TAC-TILITY), dont l'objectif est d'incorporer des informations tactiles riches et significatives dans les nouveaux systèmes d'interaction avec les environnements virtuels, en augmentant la qualité de la réalité virtuelle immersive et de la télémanipulation. Abstract: Although we are now capable of rendering realistic virtual environments in Virtual Reality (VR), our way of interacting with them has not caught up with the progress made in the visualization. Haptic feedback is usually overlooked even though they have been proven to increase the sense of presence and immersion in VR. Multiple haptic interfaces have been created to render haptic feedback but most of them are expensive, bulky or constrain the workspace. Electrotactile feedback is a promising, wearable, cheap, noiseless, lightweight technology capable of rendering rich tactile sensation, thus, improving the way a user can interact with VR ap-plications. In this thesis, we focused on the use of electrotactile feedback as a mechanism to improve hand interactions in VR. Our main contributions are: the use of electrotactile feedback for improving precision and accuracy when touching virtual objects; the proposition of a 3D interaction technique to accelerate the calibration of the intensity of the feedback while in VR; the development of framework for authoring custom electrotactile sensations; and the comparison and evaluation of coherence of the feedback of different rendering techniques while performing common single finger interactions in VR.
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 46 Figure 4.6 -Number of Adjustments of Sensation (Left) and Discomfort (Right) Thresholds. Comparisons between Repetitions (Top) and Calibration Types (Bottom).
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 52 Figure 5.2 -First generation of electrodes. a) They layout of 4 different designs. Electrodes A and B targeting the index and thumb fingers while C and D the palm and the dorsal of the hand respectively. b) Connection of the 4 electrodes to the 32-channels stimulator. c) Placement of the electrodes in the hand.
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 53 Figure 5.3 -Second generation of electrodes. a) They layout of 5 electrodes (I1, I2, I3, T1 and T2) for each of the 4 different versions (v2.1, v2.2, v2.3, v2.4). I variants are for the index finger while T for the thumb. b) Connection of the 5 electrodes to the 32-channels stimulator. c) Placement of the electrodes in the hand.
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 54 Figure 5.4 -Whole hand third generation electrode with extra pads at index's finger pad. a) Layout of the electrode. b) Electrode ironed into a glove.

Finally

  , we tested a new version of an electrode exploiting the 64-channels capabilities of a newer stimulator. This 64-channels electrode is divided into two segments, one covering the palm and proximal phalanxes and the second targeting the distal phalanxes providing high resolution feedback on them (see Figure5.5).
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 5 Figure 5.5 -64-channels forth generation electrode. a) The layout of 64-channel electrode. b) The segment targeting palm and proximal phalanxes. c) The high resolution segment for the finger pads.
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 56 Figure 5.6 -Authoring of a v2.1-I1 electrode. a) Physical electrode as reference. b) Breadcrumb menu for adding an instance of a v2.1-I1 electrode as a new asset within Unity. c) Definition of the v2.1-I1 electrode configuring pads as anodes or cathodes.
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 57 Figure 5.7 -Main thread taking care of running the main application and submitting commands to a secondary thread whose role is to process them and submit them to the stimulator via Bluetooth.
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 58 Figure 5.8 -Electrotactile source . a) Graphical interface of an electrotactile source component. b) Electrode asset defining the layout and the polarity. c) Intensity of each pad marked as cathode within the electrode. d) Pulse width settings (global or per pad configuration). e) Pulse frequency.
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 59 Figure 5.9 -Authoring of spatio-temporal patterns. a) Desired clockwise pattern. b) Individual snapshots. c) Pad Activator holding the configurations. d) Time Iterator to control the speed of the pattern.
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 5 Figure 5.10 -Unity's built-in curve editor. a) List of available preset curves. b) Specifying additional points. c) Adjustment of the curve via handlers.
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 5 Figure 5.11 -Implementation of Penner's easing functions. a) List of Penner's easing functions (Taken from Izdebski et al. 2020). b) Example of linear parametric curve. c) Example of easeOutExp parametric curve.
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 5 Figure 5.13 -Relative position between thresholds. Localization threshold could be anywhere between sensation and discomfort thresholds.
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 514 Figure 5.14 -Authoring of an electrotactile FX. a) Identifier of the FX. b) Configuration of what is fixed and what is going to be dynamic. c) Fixed values to use for the parameters that were marked as fixed. d) Link to the patterns and modulations controlling the dynamic part of the FX.
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 5 Figure 5.15 shows an example of the graphical interface of the Tactile FX Manager but this configuration can be also set using code.
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 5 Figure 5.15 -Tactile FX Manager. a) Part of the hands where the Tactile FX Manager has found
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 5 Figure 5.16 -Precision Microdrives 5mm vibration motor. Plot of amplitude and frequency of the vibration based on input voltage. Data and images taken from precisionmicrodrives.com.
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 5 Figure 5.17 -Authoring of vibrotactile feedback. a) Vibrotactile source associated to the vibration motor. b) Definition of a tactile sensation that relies on vibrotactile feedback, specifying that the strength of the vibration will be dynamic. c) Definition of the mapping linking the strength of the vibration with a general sensation's strength parameter. d) Actual curve that maps the normalized sensation's strength to the strength of the vibration.
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 5 Figure 5.18 -Device internal state and visualization of the stimulation. a) Status of the device. b) Battery level of the device. c) Overview of the stimulation showing the fingers being stimulated and the overall intensity, pulse width and frequency. d) Per-electrode (v2.1 electrodes in this case) visualization of the stimulation. Color hue encodes the intensity; color saturation the pulse width and how fast the colors are blinking indicates the frequency of the stimulation.

Figure 5 .

 5 Figure 5.19 -Mapping between the frequency of the stimulation and the visual blinking speed where v f is the blinking visual frequency, f is the stimulation frequency, d min and d max are the device's min and max frequencies (1 and 200 Hz respectively), and v max is the max visual frequency (20 Hz).
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 2 Fig 6.2 depicts the pad activations of the six EFXs implemented in a 2x3 electrode.
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 62 Figure 6.2 -The six considered electrotactile effects (EFXs): a) Constant, b) Intensity Modulation, c) Spread, d) Clockwise, e) Directional, f) Random (showing a representative order).
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 63 Figure 6.3 -Tap interaction displaying finger interpenetration as the offset between the avatar and the tracked position of the hand.
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 64 Figure 6.4 -Press interaction displaying the compression of the button.
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 66 Figure 6.6 -Electrotactile equipment used in the experiment, the inset shows the electrode layout.
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 6768 Figure 6.7 -Intensity values for the sensation and optimal thresholds for each of the six pads during the calibrations performed before the first and second half of the scoring trials.
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 69 Figure 6.9 -Distribution of scores of the electrotactile effects for the pressing interaction. Significance codes: 0 ≤ *** ≤ 0.001 < ** ≤ 0.01 < * ≤ 0.05 < + ≤ 0.1.
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 610 Figure 6.10 -Distribution of scores of the electrotactile effects for the sliding interaction. Significance codes: 0 ≤ *** ≤ 0.001 < ** ≤ 0.01 < * ≤ 0.05 < + ≤ 0.1.
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 6612613 Figure 6.11 -Ranking order of the electrotactile effects (EFXs) for the tapping interaction.

  interface humain-ordinateur avancée qui simule un environnement réaliste. Les participants peuvent se déplacer dans le monde virtuel. Ils peuvent le voir sous différents angles, y pénétrer, le saisir et le remodeler. Il n'y a pas de petit écran de symboles à manipuler ni de commandes à saisir pour initier l'ordinateur à faire une chose ou une autre", une définition que nous pourrions également être d'accord avec, sauf peut-être la partie "environnement réaliste", comme nous le savons, nous pouvons avoir des environnements qui ne sont pas réalistes mais plausibles. Nous avons également vu des définitions plus récentes telles que "monde généré par ordinateur"[Pan et al. 2018] que Mel Slater a décrite comme étant "à la fois trop simpliste et trop englobante" [Slater 2018]. Comme nous pouvons le constater, définir des concepts n'est pas une tâche facile, même si nous avons tous une idée similaire concernant ce concept. Personnellement, j'appellerais RV l'utilisation de la technologie RV (casque de réalité virtuelle, systèmes CAVEs immersives, entre autres) pour vivre une expérience générée par l'ordinateur.
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 1 Figure A.1 -Casques de RV. a) Le casque de réalité virtuelle d'Ivan Sutherland. Figure tirée de Basu 2019. b) Google Cardboard. c) Un HTC VIVE Pro 2 moderne.
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 2 Figure A.2 -Les trois "I" de la réalité virtuelle de Coiffet. Figure adaptée de Coiffet et al. 2017.

  La main humaine, composée de 27 os (environ un quart des os de notre corps), de 27 articulations et de 34 muscles, présente une structure plus complexe et sophistiquée que celle d'organes comparables chez n'importe quel animal. La main humaine peut être modélisée avec 23 degrés de liberté (DDL) [Mansor et al. 2017]. La dextérité de nos mains nous permet d'effectuer une variété de tâches avancées telles que la manipulation et l'exploration d'objets, ainsi que l'utilisation d'une grande variété d'outils et de dispositifs. De grandes parties du cerveau humain sont dédiées au traitement des fonctions motrices et sensorielles de la main. Dans la Figure A.3 nous pouvons voir une représentation déformée du corps humain, appelée homoncule sensori-moteur, où les différentes parties du corps sont proportionnelles à la portion du cerveau qui traite leurs fonctions.

Figure A. 3 - 4 -

 34 Figure A.3 -Représentation 2D et 3D de l'homoncule sensori-moteur. Figure extraite de l'article de article de Wikipédia sur l'Homunculus cortical.

  Figure A.5). La reproduction d'un objet ou d'un environnement peut aller de la simple reproduction de la forme et de la taille globales à des répliques plus complexes où le VII poids, la texture, les pièces mobiles et d'autres indices tactiles sont également pris en compte[START_REF] Salazar | Altering the stiffness, friction, and shape perception of tangible objects in virtual reality using wearable haptics[END_REF]].
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 5 Figure A.5 -Interfaces haptiques passives. a) Utilisation d'une raquette de tennis de table comme objet tangible. Figure issue de Sherman et al. 2018 © Elsevier. b) Plateforme reproduisant un cockpit où l'environnement réel (à droite) est une réplique tangible de l'environnement virtuel (à gauche). Figure issue de Girdler et al. 2020 affichant la plateforme Coalescence™ de Collins Aerospace.
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 6 Figure A.6 -Trois grandes catégories de systèmes haptiques suggérées par Culbertson: les dispositifs saisissables, portables et tactiles. Figure tirée de Culbertson et al. 2018 © Annual Reviews.
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 7 Figure A.7 -Exemples de dispositifs haptiques. a) Le dispositif haptique PHANToM Omni [Silva et al. 2009]. Figure de Wyleżoł et al. 2015 © atim.media.pl. b) Le dispositif haptique portable hRing. Figure de Pacchierotti et al. 2016 © IEEE. c) L'afficheur de formes de table ShapeShift. Figure tirée de Siu et al. 2018 © ACM.

  ], une inter-IX Chapter A -Résumé Long en Français face de type carrousel qui tourne automatiquement pour présenter le bon objet tangible (prop) aux utilisateurs lorsqu'ils sont sur le point d'entrer en contact avec l'objet virtuel en question (voir Figure A.8-b). Les objets tangibles sont connectés à l'aide d'une interface de type cartouche afin de pouvoir les remplacer facilement.
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 8 Figure A.8 -Un exemple d'interface haptique pour les environnements à échelle humaine et un exemple de dispositif haptique de type rencontre. a) Le SPIDAR (Space interface Device for Artificial Reality)renvoie un retour d'effort en tirant des ficelles attachées aux coins de l'espace de travail virtuel [Hirata et al. 1992]. Figure de Jeong et al. 2005 © IEICE. b) Le Haptic-go-round, un dispositif haptique de type rencontre qui tourne automatiquement pour présenter le bon objet tangible à l'utilisateur. b.1) L'utilisateur interagit avec l'objet tangible. b.2) Visualisation de l'environnement virtuel. b.3) Une fois le contact rompu, l'objet tangible se rétracte. Figure adaptée de Huang et al. 2020 © ACM.

Figure A. 9 -

 9 Figure A.9 -Haptique sans contact. a) Anneaux de tourbillons d'air. Figure extraite de Gupta et al. 2013 © ACM. b) STRATOS Inspire de Ultraleap utilisant la technologie ultra-haptique. Figure extraite du site ultreleap.com.

Figure A. 10 -

 10 Figure A.10 -Exemples de dispositifs portables. a) Partie avant et arrière d'un gilet haptique portable plaçant les unités de contrôle à l'arrière. Figure tirée de Garcia-Valle et al. 2017 © IEEE. b) SAM, un exosquelette de bras portable 7-DOF. Figure de Letier et al. 2008 © IEEE. c) CyberGrasp, un exosquelette commercial à retour de force. Figure extraite de cyberglovesystems.com. d) Gant pneumatique souple. Figure tirée de Song et al. 2019 © nature

  Figure tirée de Song et al. 2019 © nature Outre les exosquelettes, les gants haptiques constituent une autre famille de dispositifs portables ciblant la main. Les gants haptiques fournissent généralement des infor-XI mations tactiles plutôt que kinesthésiques. Une technologie d'actionnement différente produira un retour tactile différent. Les vibrations sont encore une fois la technologie d'actionnement la plus courante, mais d'autres formes sont également possibles, comme l'utilisation d'actionneurs pneumatiques (air comprimé) pour produire une pression et l'utilisation d'électrodes pour fournir une stimulation électrique. La Figure A.10-d montre le prototype d'un gant portable destiné à être utilisé en RV et utilisant des actionneurs pneumatiques.

L

  'une des premières applications de l'utilisation de la stimulation électrique pour produire des sensations tactiles a été réalisée dans le domaine de la substitution sensorielle, et plus précisément de la substitution tactile de la vision (TVS) pour les aveugles. Les premiers articles scientifiques ont été publiés par Bach-y-Rita, Collins, Saunders, White et Scadden lorsqu'ils travaillaient au Smith-Kettlewell Institute of Visual Sciences [Collins et al. 1969]. En 1970, Collins présente un système de télévision tactile dans lequel une électrode matricielle 20 x 20 placée sur le dos d'une personne aveugle restitue la position, la taille, la forme et l'orientation des objets capturés par une caméra (voir Figure A.11) [Collins 1970].

Figure A. 11 -

 11 Figure A.11 -Substitution sensorielle, première application du rendu électrotactile. a) Une photo du dispositif utilisé mettant en évidence la grille d'électrodes. b) Diagramme schématique. c) Représentation numérisée du rendue. Figure adaptée de Collins 1970 © IEEE.
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Table 2 . 1 -

 21 Summary of the four main mechanoreceptors.

  Table adapted from Park et al. 2018 and augmented with Pamungkas 2016.

		Meissner	Pacinian	Merkel	Ruffini
		Corpuscle	Corpuscle	Cell	Endings
	Classification	RA-I	RA-II	SA-I	SA-II
	Adaptation rate	Fast	Fast	Slow	Slow
	Location	Shallow	Deep	Shallow	Deep
	Stimuli frequency	10-200 Hz	70 -1000 Hz	0.4 -100 Hz	0.4 -100 Hz
	Density	140 units/cm2	20 units/cm2	70 units/cm2	10 units/cm2
	Spatial resolution	3 -4 mm	10+ mm	0.5 mm	7+ mm
				Sustained pressure,	
		Object slip,			
				low-frequency	
	Functions	light touch,	High-frequency	vibrations,	Skin stretch,
		low-frequency	vibrations		sheer stress
				edges and points	
		vibrations			
				on object's surface	
			Very large		Large and
	Receptive field	Small and sharp,	and diffuse,	Small and sharp,	diffuse,
		3 -5 [mm]		2 -3 [mm]	
			>20 [mm]		10 -15 [mm]

Table 3 .

 3 1 -Self-reports on Electrotactile Interpenetration Feedback

	Criterion	Median Mode Range
	Usefulness	6	5	2 -7
	Coherence	5	5	4 -7
	Resemblance	2.5	1	1 -6
	Pleasantness	4	4	3 -6
	Perceptual Update	5.5	6	2 -7
	Combined Synchronicity	6	7	2 -7
	N = 21; Max = 7; ≥ 4 indicate positive response;
	Median = middle number of the provided responses;
	Mode = most frequent response	

Table 4 .

 4 

1 -Usability questionnaire administered. The last columns present the obtained results for each condition (Median [IQ1-IQ3]).

  4.1 we saw some promising VR haptic gloves but they still suffer from technical issues related to precise finger tracking and rendering of rich haptic feedback. Moreover, most of these devices are research prototypes or too expensive to be well established in consumer markets. This reminds us to what happened with VR headsets, where the technology was invented many years ago but VR headset did not gained traction until they reached consumer markets in 2016 with the Oculus Rift.

  Displays 29.3, pp. 185-194. Coiffet, Philippe and Grigore C Burdea (2017). Virtual reality technology. John Wiley & Sons. Collins,Carter C, Frank A Saunders, Benjamin White, Lawrence Scadden, et al. (1969).« Vision substitution by tactile image projection ». In: Nature 221.5184, pp. 963-964. Collins, Carter Compton (1970). « Tactile television-mechanical and electrical image projection ». In: IEEE Transactions on man-machine systems 11.1, pp. 65-71. Cordon, Sol Maria Giron, Sun Hee Hwang, Tongjin Song, and Gon Khang (2012). « Current and frequency modulation for the characterization of electrically-elicited tactile sensations ». In: International Journal of Precision Engineering and Manufacturing 13.11, pp. 2051-2058. Bo Geng, Imran Khan Niazi, Imran Amjad, Strahinja Dosen, Winnie Jensen, and Ernest Nlandu Kamavuako (2019). « The variability of psychophysical parameters following surface and subdermal stimulation: A multiday study in amputees ». In: La citation précédente provient de John Carmack (directeur technique d'Oculus à l'époque) alors qu'il expliquait (et commentait) le concept de réalité virtuelle à un étudiant diplômé. L'idée de cette présentation, organisée par le magazine WIRED, est de demander à un expert d'expliquer un concept à cinq personnes différentes ayant des niveaux d'éducation ou expertise différents : un enfant, un pré-adolescent, un collégien, un étudiant diplômé et un autre expert en la matière. Il est intéressant de noter que même l'enfant avait déjà une idée de ce qu'est la réalité virtuelle, sans avoir à mentionner les aspects techniques liés au matériel, à l'ingénierie ou à la psychophysique. Selon ses propres termes, "c'est comme un jeu vidéo, sauf qu'on a l'impression d'être dans le jeu vidéo". Je pense que la plupart d'entre nous partagent une idée similaire de ce qu'est la RV. Nous pouvons trouver une définition et une caractérisation plus verbeuses suggérées par Zheng et al. 1998: "La réalité virtuelle (RV) est une

	). De Tinguy, Xavier, Claudio Pacchierotti, Maud Marchal, and Anatole Lécuyer (2018). Witteveen, Heidi JB, Ed A Droog, Johan S Rietman, and Peter H Veltink (2012). « Vibro-
	IEEE, pp. 1133-1138. « Enhancing the stiffness perception of tangible objects in mixed reality using wearable and electrotactile user feedback on hand opening for myoelectric forearm prostheses ».
	Choi, Seungmoon and Katherine J Kuchenbecker (2012). « Vibrotactile display: Percep-haptics ». In: Proc. IEEE Conference on Virtual Reality and 3D User Interfaces (VR), In: IEEE transactions on biomedical engineering 59.8, pp. 2219-2226.
	tion, technology, and applications ». In: Proceedings of the IEEE 101.9, pp. 2093-pp. 81-90. Wolf, Katrin and Timm Bäder (2015). « Illusion of surface changes induced by tactile and
	2104. Dewez, Diane, Ludovic Hoyet, Anatole Lécuyer, and Ferran Argelaguet Sanz (2021). « To-visual touch feedback ». In: pp. 1355-1360.
	Chouvardas, Vasilios G, Amalia N Miliou, and Miltiadis K Hatalis (2008). « Tactile dis-wards "avatar-friendly" 3D manipulation techniques: Bridging the gap between sense Wyleżoł, Marek, Małgorzata MuzaleWska, and Bartłomiej Szczodry (2015). « Computer
	of embodiment and interaction in virtual reality ». In: Proceedings of the 2021 CHI Conference on Human Factors in Computing Systems, pp. 1-14. Djozic, Damir J, Dubravka Bojanic, Goran Krajoski, Nikola Popov, and Vojin Ilic (2015). « Psychophysical characteristics of electrotactile stimulation: The impact of changes in stimulation pulse width and frequency on human perception ». In: 2015 IEEE 15th International Conference on Bioinformatics and Bioengineering (BIBE). IEEE, pp. 1-5. Dong, Jian, IEEE Transactions on Neural Systems and Rehabilitation Engineering 28.1, pp. 174-aided and 3D printing in pre-operative planning of orbital reconstruction surgery ». In: Advanced Technologies in Mechanics 2.3 (4). Xu, Heng, Linjun Bao, Dingguo Zhang, and Xiangyang Zhu (2014). « Identify key grasping-related properties based on cutaneous electrotactile stimulation ». In: 2014 IEEE 19th International Functional Electrical Stimulation Society Annual Conference (IFESS). IEEE, pp. 1-4. Xu, Heng, Dingguo Zhang, Joel C Huegel, Wendong Xu, and Xiangyang Zhu (2015). « Effects of different tactile feedback on myoelectric closed-loop control for grasping based on electrotactile stimulation ». In: IEEE Transactions on Neural Systems and Rehabilitation Engineering 24.8, pp. 827-836. Yang, Yicheng, Yu Zhou, Jia Zeng, Keshi He, and Honghai Liu (2019). « Electrotactile plays: Overview and recent advances ». In: Culbertson, Heather, Samuel B Schorr, and Allison M Okamura (2018). « Haptics: The 180. stimulation waveform modulation based on a customized portable stimulator: A pilot
	present and future of artificial touch sensation ». In: Annual Review of Control, Robotics, Dong, Jian, Ernest Nlandu Kamavuako, Strahinja Dosen, Winnie Jensen, and Bo Geng study ». In: 2019 IEEE International Conference on Systems, Man and Cybernetics
	and Autonomous Systems 1.1, pp. 385-409. (2020). « The short-term repeatability of subdermal electrical stimulation for sensory (SMC). IEEE, pp. 1838-1843.
	D'Alonzo, Marco, Strahinja Dosen, Christian Cipriani, and Dario Farina (2013). « HyVE: feedback ». In: IEEE Access 8, pp. 63983-63992. Yem, Vibol and Hiroyuki Kajimoto (2016). « Comparative evaluation of tactile sensation
	hybrid vibro-electrotactile stimulation for sensory feedback and substitution in reha-El Saddik, Abdulmotaleb (2007). « The potential of haptics technologies ». In: IEEE by electrical and mechanical stimulation ». In: IEEE transactions on haptics 10.1,
	bilitation ». In: IEEE Transactions on Neural Systems and Rehabilitation Engineering instrumentation & measurement magazine 10.1, pp. 10-17. pp. 130-134.
	22.2, pp. 290-301. Fadali, M. Sami, Yantao Shen, Saeed Jafarzadeh, and Jingang Yi (2009). « Electro-tactile -(2017). « Wearable tactile device using mechanical and electrical stimulation for fin-
	D'Alonzo, Marco, Strahinja Dosen, Christian Cipriani, and Dario Farina (2013). « HyVE-hybrid preference identification using fuzzy logic ». In: 2009 Annual International Conference gertip interaction with virtual world ». In: 2017 IEEE Virtual Reality (VR). IEEE,
	vibro-electrotactile stimulation-is an efficient approach to multi-channel sensory feed-of the IEEE Engineering in Medicine and Biology Society, pp. 1585-1588. pp. 99-104.
	back ». In: IEEE transactions on haptics 7.2, pp. 181-190. Faisal, Aldo (2017). « Computer science: Visionary of virtual reality ». In: Nature 551.7680, Yem, Vibol, Kevin Vu, Yuki Kon, and Hiroyuki Kajimoto (2018). « Effect of electrical
	Damian, Dana D, Alejandro Hernandez Arita, Harold Martinez, and Rolf Pfeifer (2012). pp. 298-299. stimulation haptic feedback on perceptions of softness-hardness and stickiness while
	« Slip speed feedback for grip force control ». In: IEEE Transactions on Biomedical Fares, Hoda, Lucia Seminara, Hussein Chible, Strahinja Dosen, and Maurizio Valle (2018). touching a virtual object ». In: 2018 IEEE Conference on Virtual Reality and 3D User
	Engineering 59.8, pp. 2200-2210. « Multi-Channel Electrotactile Stimulation System for Touch Substitution: A Case Interfaces (VR). IEEE, pp. 89-96.
	Dangxiao, Wang, GUO Yuan, LIU Shiyi, Yuru Zhang, Xu Weiliang, and Xiao Jing (2019). Study ». In: 2018 14th Conference on Ph. D. Research in Microelectronics and Elec-Yoshimoto, Shunsuke, Yoshihiro Kuroda, Masataka Imura, and Osamu Oshiro (Apr.
	« Haptic display for virtual reality: progress and challenges ». In: Virtual Reality & tronics (PRIME). IEEE, pp. 213-216. 2015a). « Material roughness modulation via electrotactile augmentation ». In: IEEE
	Intelligent Hardware 1.2, pp. 136-162. Trans. Haptics 8.2, pp. 199-208.

https://tactility-h2020.eu/

parent touchpad[START_REF] Wang | E-Pad: a comfortable electrocutaneous-based tactile feedback display[END_REF]]; (b) thin epidermal electrodes for augmented haptics [Withana et al. 2018]; (c) glove for dorsal hand stimulation [Pamungkas et al. 2015]; (d) multi-finger stimulation [Hummel et al. 2016]; (e) armband for prosthetics [Cheng et al. 2017b]; (f) armband for prosthetics [Štrbac et al. 2019]; (g) braille reading system [Rahimi et al. 2019b].

available FXs. b) Tactile Parameters to update the current FX being rendered at the index finger. c) List of FXs stimulating the thumb that have been found.

tactile stimulation ». In: International Conference on Human Haptic Sensing and Touch Enabled Computer Applications. Springer, pp. 216-223. Nostadt, Nicolas, David A Abbink, Oliver Christ, and Philipp Beckerle (2020). « Embodiment, presence, and their intersections: teleoperation and beyond ». In: ACM Transactions on Human-Robot Interaction (THRI) 9. 4, pp. 1-19. Novacek, Tomas and Marcel Jirina (2022). « Overview of Controllers of User Interface for Virtual Reality ». In: PRESENCE: Virtual and Augmented Reality, pp. 1-100. Onyesolu, Moses Okechukwu and Felista Udoka Eze (2011). « Understanding virtual reality technology: advances and applications ». In: Adv. Comput. Sci. Eng, pp. 53-70. Pacchierotti, Claudio, Gionata Salvietti, Irfan Hussain, Leonardo Meli, and Domenico Prattichizzo (2016). « The hRing: A wearable haptic device to avoid occlusions in hand tracking ». In: 2016 IEEE Haptics Symposium (HAPTICS). IEEE, pp. 134-139. Pacchierotti, Claudio, Stephen Sinclair, Massimiliano Solazzi, Antonio Frisoli, Vincent Hayward, and Domenico Prattichizzo (2017). « Wearable haptic systems for the fingertip and the hand: taxonomy, review, and perspectives ». In: IEEE transactions on haptics 10.4, pp. 580-600. Pamungkas, Daniel and Koren Ward (2015). « Immersive teleoperation of a robot arm using electro-tactile feedback ». In: 2015 6th International Conference on Automation, Robotics and Applications (ICARA). IEEE, pp. 300-305. Pamungkas, Daniel S and Wahyu Caesarendra (2018). « Overview electrotactile feedback for enhancing human computer interface ». In: Journal of Physics: Conference Series. Vol. 1007. 1. IOP Publishing, p. 012001. Pamungkas, Daniel S and Koren Ward (2013). « Tele-operation of a robot arm with electro tactile feedback ». In: 2013 IEEE/ASME International Conference on Advanced Intelligent Mechatronics. IEEE, pp. 704-709. Pamungkas, Daniel Sutopo (2016). « Enhancing human computer interaction with electrotactile feedback ». In: University of Wollongong Thesis. Pamungkas, Daniel Sutopo and Arjon Turnip (2019). « Electro-tactile cues for a haptic multimedia finger motoric learning system ». In: 2019 International Conference on Sustainable Engineering and Creative Computing (ICSECC). IEEE, pp. 127-132. Pamungkas, Daniel Sutopo and Koren Ward (2016). « Electro-Tactile Feedback System to Enhance Virtual Reality Experience ». In: International Journal of Computer Theory and Engineering 8.6. back ». In: 2011 IEEE/RSJ International Conference on Intelligent Robots and Systems. IEEE, pp. 3454-3459. Sherman, William R and Alan B Craig (2018). Understanding virtual reality: Interface, application, and design. Morgan Kaufmann. Sidenmark, Ludwig, Christopher Clarke, Xuesong Zhang, Jenny Phu, and Hans Gellersen (2020). « Outline pursuits: Gaze-assisted selection of occluded objects in virtual reality ». In: Proceedings of the 2020 chi conference on human factors in computing systems, pp. 1-13. Silva, Alejandro Jarillo, Omar A Domínguez Ramirez, Vicente Parra Vega, and Jesus P Ordaz Oliver (2009). « Phantom omni haptic device: Kinematic and manipulability ». In: 2009 Electronics, Robotics and Automotive Mechanics Conference (CERMA). IEEE, pp. 193-198. Siu, Alexa F, Eric J Gonzalez, Shenli Yuan, Jason B Ginsberg, and Sean Follmer (2018). « Shapeshift: 2D spatial manipulation and self-actuation of tabletop shape displays for tangible and haptic interaction ». In: Proceedings of the 2018 CHI Conference on Human Factors in Computing Systems, pp. 1-13. Skarbez, Richard, Frederick P Brooks Jr, and Mary C Whitton (2017). « A survey of presence and related concepts ». In: ACM Computing Surveys (CSUR) 50.6, pp. 1-39. Slater, Mel (2009). « Place illusion and plausibility can lead to realistic behaviour in immersive virtual environments ». In: Philosophical Transactions of the Royal Society B: Biological Sciences 364.1535, pp. 3549-3557. -(2018). « Immersion and the illusion of presence in virtual reality ». In: British Journal of Psychology 109. 3, pp. 431-433. Solomonow, Moshe, John Lyman, and Amos Freedy (1977). « Electrotactile two-point discrimination as a function of frequency, body site, laterality, and stimulation codes ».

In: Annals of Biomedical Engineering 5.1, pp. 47-60. Solomonow, Moshe, Lura Raplee, and John Lyman (1978). « Electrotactile two point discrimination as a function of frequency, pulse width and pulse time delay ». In:

Annals of Biomedical Engineering 6.2, pp. 117-125. Song, Kahye, Sung Hee Kim, Sungho Jin, Sohyun Kim, Sunho Lee, Jun-Sik Kim, Jung-Min Park, and Youngsu Cha (2019). « Pneumatic actuator and flexible piezoelectric sensor for soft virtual reality glove system ». In: Scientific reports 9.1, pp. 1-8. Spagnoletti, Giovanni, Leonardo Meli, Tommaso Lisini Baldi, Guido Gioioso, Claudio Pacchierotti, and Domenico Prattichizzo (2018). « Rendering of pressure and textures 152 BIBLIOGRAPHY using wearable haptics in immersive VR environments ». In: Proc. IEEE Conference on Virtual Reality and 3D User Interfaces (VR), pp. 691-692. Stanke, Dennis, Tim Duente, and Michael Rohs (2020). « TactileWear: A comparison of electrotactile and vibrotactile feedback on the wrist and ring finger ». In: Proceedings of the 11th Nordic Conference on Human-Computer Interaction: Shaping Experiences, Shaping Society, pp. 1-13. Stephens-Fripp, Benjamin, Gursel Alici, and Rahim Mutlu (2018). « A review of noninvasive sensory feedback methods for transradial prosthetic hands ». In: IEEE Access 6, pp. 6878-6899. Štrbac, Matija, Minja Belić, Milica Isaković, Vladimir Kojić, Goran Bijelić, Igor Popović, Milutin Radotić, Strahinja Došen, Marko Marković, Dario Farina, et al. (2016). « Integrated and flexible multichannel interface for electrotactile stimulation ». In: Journal of neural engineering 13.4, p. 046014. Štrbac, Matija, Milica Isaković, Minja Belić, Igor Popović, Igor Simanić, Dario Farina, Thierry Keller, and Strahinja Došen (2017). « Short-and long-term learning of feedforward control of a myoelectric prosthesis with sensory feedback by amputees ». In: IEEE Transactions on Neural Systems and Rehabilitation Engineering 25.11, pp. 2133-2145. Štrbac, Matija, Milica Isaković, Jovana Malešević, Thiery Keller, Vojin Ilić, Nikola Jorgovanović, and Strahinja Došen (2019). « Compact electrotactile stimulation and EMG acquisition system with embedded blanking of stimulation artifacts ». In: pp. 863-866. Swapp, David, Vijay Pawar, and Céline Loscos (2006). « Interaction with co-located haptic feedback in virtual reality ». In: Virtual Reality 10.1, pp. 24-30. Tezuka, M, K Ishimaru, and Norihisa Miki (2017). « Electrotactile display composed of two-dimensionally and densely distributed microneedle electrodes ». In: Sensors and Actuators A: Physical 258, pp. 32-38. Tinguy, Xavier de (2020). « Haptic rendering in Virtual Reality during interaction with Tangibles ». PhD thesis. INSA Rennes. Tinguy, Xavier de, Thomas Howard, Claudio Pacchierotti, Maud Marchal, and Anatole Lécuyer (2020). « Weatavix: wearable actuated tangibles for virtual reality experiences ». In: International Conference on Human Haptic Sensing and Touch Enabled Computer Applications. Springer, pp. 262-270. Triantafyllidis, Eleftherios, Christopher Mcgreavy, Jiacheng Gu, and Zhibin Li (2020).

« Study of multimodal interfaces and the improvements on teleoperation ». In: IEEE Access 8, pp. 78213-78227.

Chapter 2

BACKGROUND & RELATED WORK

Contents

Chapter 5

FRAMEWORK FOR AUTHORING ELECTROTACTILE FEEDBACK

Experimental protocol

The study followed Helsinki guidelines and it was approved by the institution's ethical committee. Upon participants' arrival, they were asked to sign a consent form explaining the experiment in detail, answered a pre-experiment questionnaire with demographics information and their familiarity with VR equipment and haptic devices. Participants were helped with putting the equipment on, which consisted of an electrode at the fingertip of the dominant hand, a tracker at the dorsal part of the same hand, an electrical stimulator at the forearm, and finally a VR head-mounted-display (see Section 6.3.2).

Participants were seated in a comfortable office chair with wheels and adjustable height. Initial placement of the participant in the virtual environment was set in such a way that all interactable objects were placed at a reachable distance from the chair and at a proper height, so as to avoid any discomfort. While in VR, at the very beginning of the experience, participants calibrated the intensity of the electrical stimulation (see Section 6.3.2.2), got familiarized with the electrotactile feedback while also confirming the right localization of the sensation, and went over a short training of the interactions with no tactile feedback to confirm they understood well the experimental tasks they need to perform.

The experiment was divided in three parts. First, participants performed the scoring task for each interaction and for each EFX. Considering that participants performed 3 repetitions for each potential combination, participants performed 54 trials within this part: 3 interactions × 6 EFXs × 3 repetitions. Trials were grouped by interaction task whose order was determined by a Latin square based on the participant's id. Within each group of trials, participants tried all six EFXs 3 times and these were presented in a random order. Before the second part of the experiment, the calibration procedure was performed again in order to make sure EFXs are rendered correctly. The second part of the experiment matched the first part. Participants scored EFXs for each task through a set of 54 trials using the same counterbalanced design. Finally, in third part of the experiment participants performed the ranking task following the same Latin-Square design.

Once participants finished the main experience, the experimenter helped them taking the equipment off and asked them to answer a post-experiment questionnaire providing additional feedback regarding the perception of the EFXs during the virtual interactions. The experiment took approximately one hour and time wise, the scoring part accounted for most of the duration of the experiment.

Interaction EFX Coherence

We chose to run a one-way analysis for each interaction (tapping, pressing and sliding) as we are interested in evaluating the performance of EFXs per each of them. We scrutinized the data by grouping the coherence score by EFX and experiment part (before and after the second calibration). Even though calibration intensities were significantly different between the first and second half of the experiment, we did not find any effect between the experiment part and the coherence score (nor an interaction with the EFX variable). Based on this, we proceeded to analyse the score based solely on the EFX.

We performed a 1-way repeated measures ANOVA on the score variable for each of the interactions having the EFX as explanatory variables. The normality of the residuals was examined using Shapiro-Wilk normality test and Q-Q plots. All tests suggested a normal distribution of the residuals. The sphericity assumption was tested using Mauchly Sphericity test and this was violated for all three cases. The degrees of freedom were corrected accordingly using Greenhouse-Geisser correction method.

We found significant differences on the scores based on EFXs for each of the three interactions. For the tapping interaction, ANOVA yielded (F(2.68, 45.64)=3.91, p=.017 and ω 2 = 0.09, 95% [0, 1]); for pressing (F(1.96, 33.37)=8.60, p=.001 and ω 2 = 0.22, 95% [0.07, 1]); and for sliding (F(2.43, 41.35)=10.22, p<.001 and ω 2 = 0.24, 95% [0.09, 1]). ω 2 suggests EFX has a medium to large effect size for the tapping interaction and a large effect for the pressing and sliding.

We performed post-hoc pairwise comparison tests to scrutinize differences between individual EFXs. We used Bonferroni correction to amend inflated p-values due to multiple comparisons.

Tapping Task

There were no significant differences between pairs of EFXs. There were though two pair of comparisons that were close to it: the comparison between the directional and the spread EFXs (g = 0.96, p = 0.07) and the comparison between the directional and the random EFXs (g = 0.91, p = 0.08) (see Fig. 6.8).
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RÉSUMÉ LONG EN FRANÇAIS

Ce manuscrit de thèse, intitulé "Contributions à l'utilisation du rendu électrotactile dans les interactions basées sur la main en réalité virtuelle", présente des contributions à la recherche sur l'utilisation de la stimulation électrique pour rendre des sensations tactiles en réalité virtuelle. Le rendu électrotactile est une technologie prometteuse, portable, bon marché, silencieuse et légère, capable de rendre de riches sensations tactiles en utilisant des électrodes, améliorant ainsi la façon dont un utilisateur peut interagir avec les applications de réalité virtuelle.

Immersion & Interaction en RV

Quelles sont les limites de ce que nous pouvons faire avec la réalité virtuelle ?

Je suis assez satisfait de ce que nous avons aujourd'hui mais nous sommes encore clairement très,très loin de la réalité.

Dans la RV, on parle surtout de l'affichage et de l'optique, du côté visuel des choses, mais nous devons au moins tenir compte des autres sens.

L'haptique est une chose intéressante car la Réalité Virtuelle n'a pas vraiment cet aspect de toucher les choses. Vous pouvez bouger vos mains, vous pouvez tout faire. mais c'est une expérience déconnectée parce que vous n'avez pas la solidité réelle là.

John Carmack, Directeur Technique consultant d'Oculus VR I